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ABSTRACT.
In order to study the behaviour of pathogenic viruses in groundwater 
several tracer experiments were performed at chalk aquifer sites
using three different bacteriophage. Laboratory experiments were
performed in parallel to investigate the efficacy of the
bacteriophage as models of pathogenic virus behaviour.
The high titres per ml of bacteriophage available for the initial 
inoculum and the simplicity of the assay permitted the detection 
of a pattern of bacteriophage recovery from three different 
groundwater sites. The greatest percentage of original inoculum 
recovered was 1.9 percent. Bacteriophage were observed to migrate 
lkm over a five month period and 366m within just over 3.5 hours.
The laboratory experiments explored: i) decay rates of viruses 
suspended within chalk groundwater; ii) adsorption of viruses to 
chalk in batch studies and; iii) virus behaviour in chalk columns 
representing natural aquifer conditions. Three human enteric 
viruses were used: poliovirus 1, echovirus 1 and coxsackievirus 
B5. In addition the simian rotavirus (SA-11), and a group of 
bacteriophage were tested. The laboratory experiments indicated 
that the bacteriophage included in this study survived longer 
than the animal viruses in groundwater and that all viruses 
adsorbed well to chalk. In the simulated aquifer conditions all 
viruses investigated percolated through a chalk column at a 
similar rate and with a similar pattern. No differences in 
behaviour between the viruses, whether in laboratory or field 
experiments, was found which could be directly attributed to 
their size or shape.
A mathematical model was used which included coefficients for 
adsorption and decay observed in the laboratory experiments and 
certain other parameters found in one of the field sites under 
investigation. Those factors considered and included in the model 
were shown to be sufficient to produce the same behaviour pattern 
as that observed in the field. This confirmed that the main 
factors influencing viral migration in natural conditions have 
been considered in this investigation.
Bacteriophage were found to be good tracers for determining 
certain properties of chalk aquifers and a potential model of 
the behaviour of human enteric viruses in groundwater.
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SECTION A: INTRODUCTION.
A.I. DEFINITION OF SOME HYDROGEOLOGICAL TERMS.
Groundwater is a term used to denote all waters found beneath the 
ground surf ace.
Permeable rock which allows movement of water through it and 
holds usable quantities is called an AQUIFER (Fig 1). This 
includes unconsolidated gravels and sands as well as many solid 
limestones possessing mechanical discontinuities such as joints, 
bedding planes and fissures. The major aquifers of the United 
Kingdom are the Chalk and Triassie Sandstone aquifers (Baxter
1982) .
Those rocks which may have water but cannot transmit significant 
quantities are termed AQUICLUDES. They include fine grained 
deposits such as clays, shales or marles. Those intermediate in 
behaviour, where the rate of percolation of water is slow but 
which may be capable of giving small sustainable yields are 
AQUITARDS.
Water from precipitation infiltrates the ground until it reaches 
a lower permeable or impermeable rock surface (aquiclude) or 
until it reaches the WATER TABLE or PHREATIC SURFACE, where the 
pore spaces or fractures are already filled with water. The area 
above the water table is the UNSATURATED ZONE or VADOSE ZONE. The 
pressure of the water here is less than atmospheric pressure. The 
area beneath the water table is the SATURATED ZONE where 
groundwater pressure is greater than atmospheric. There will 
still be water present in the unsaturated zone, in particular 
water held by capillary forces to rock or soil particles. And, of
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course, all of the voids (pore space, interstices and fissures) 
in the saturated zone will not necessarily be completely filled 
with water but may contain bubbles of trapped air. Thus the two 
zones are not strictly speaking saturated or unsaturated.
However, the difference in pressure divides the two. Water flow 
in the unsaturated zone will primarily be vertical (due to 
gravity) while the flow in the saturated zone will essentially be 
horizontal or diagonal.
Some aquifers are found beneath impermeable layers of rock bed, 
or aquicludes. Water entering these aquifers fills the pore 
spaces up to the base of the overlaying impermeable layer. These 
types of aquifers are called CONFINED aquifers. Those aquifers 
which do not have an overlaying bed, but are open to the direct 
vertical flow of infiltered waters, are termed UNCONFINED 
aquifers.
Figure 1. Diagram of Unsaturated Zone. Unconfined and Confined
Although the term groundwater includes all water beneath the 
surface, this study is concerned with the water contained in the 
zone of saturation, so from this point the term groundwater will
fl
be used to denote water solely in this zone. 
vThe way in which a contaminant will flow through a saturated zone 
will depend on the ability of water to flow through the rock 
structure. This is a function of the hydraulic conductivity of 
the rock and the. hydraulic gradient.
The POROSITY of a rock formation is the proportion of empty 
spaces (voids) in a rock mass compared with the total volume of 
the mass.
PERMEABILITY measures the ease with which water can flow through 
the rock and STORATIVITY measures the volume of water which may 
be drained from a rock mass under the force of gravity compared 
to the total volume of the mass.
The permeability and storativity of the rock will depend on-the 
porosity and the interconnections of these pores and fractures. 
The ease and quantity of water flowing through a rock will depend 
on its permeability and storativity properties but also on the 
hydraulic pressure forcing or drawing the water through. This is 
either natural ie different pressure gradients within the rock 
bed or a sloping impermeable layer beneath or induced, for 
example, by pumping.
In most hydrogeological conditions, the hydraulic gradient is 
small ie less than 0.01 (Lewis et al 1982). In uniform porous 
aquifers this sort of gradient would produce groundwater
3
velocities of less than 2m per day. However very few aquifers are 
uniform but have complex heterogeneous permeabilities resulting 
in groundwater velocities of anything u p  to 26 000m per day, such 
as found in limestones where dissolution (karstification) along 
joints has occurred.
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A.2. VIRAL CONTAMINATION OF GROUNDWATER.
Groundwater is a large source of fresh water (Table 1). Due to 
its uniform geographic spread and Its historic tradition of 
purity it has been abstracted and used widely throughout the 
worId.
Table 1. Distribution of Water Within the Hydrological Cycle 
(Bowen 1980).
Ocean: 97.2 percent
Ice Caps and Glaciers: 2.13 percent
Groundwater (down to 4000 metres): 0.59 percent
Fresh Lakes, Rivers, Soil Moisture: 0. 01374 percent
Atmosphere, Salt Lakes etc: the rest
More than 30 percent of the water supply of Great Britain comes 
from groundwater and in excess of 60 percent in some of the 
flatter and drier provinces of Eastern England (Foster et al
1983). The Chalk and Triassic sandstone aquifers are the major 
sources of groundwater in the United Kingdom, supplying 
respectively up to 75 percent of the potable water in Southern 
England, and 40 percent in the Midlands (Baxter 1982), In more 
arid countries groundwater is of even greater importance 
particularly in less developed countries. In such countries it is 
estimated that 1.2 billion rural and 300 million urban dwellers 
lack adequate access to potable water (Anon 1980) and 
consequently the exploitation of groundwater has been recognised 
as the central element for fulfilling the demands of the 
'International Drinking Water Supply and Sanitation Decade'.
Q Q Q <
A.2.1. TRANSMISSION OF VIRUSES TO GROUNDWATER. Fig 2.
Apart from acting as a water source there are other demands on
aquifers.
The disposal of sewage and sewage effluents by application to 
land is widespread and has been practised for thousands of years. 
In Britain over 460 000 tones of sludge (expressed as dry solids) 
is applied to some 80 000 hectares of farmland each year (WRC 
1984). A variety of methods for applying sewage sludge to land 
are used, including road tanker direct to land, field tanker, 
tractor-drawn tanker, muck spreader and irrigation devices. Sub­
surface injection equipment is gaining in popularity but still 
only accounts for about 1 percent of the sludge applied to farm 
land (WRC 1984) . Baxter- (1982) estimated that about 100 000m3 of 
effluent is discharged daily to the ground, 42 percent of which 
is spread onto the outcrop to the Chalk of southern and eastern 
England.
Recently, there has been at least one major incident in the 
United Kingdom of a fractured sewer leaking into the surrounding 
groundwater (Fennel 1981).
All of these factors together with the mining and drilling of 
aquifers for mineral resources, have increased their 
susceptibility to contamination by domestic waste.
There are more than 120 different types of virus found in human 
waste including poliovirus, echovirus, coxsackievirus, rotavirus, 
adenovirus and hepatitis A and Norwalk-like viruses (Rao and 
Melnick 1986). Faeces from infected individuals may contain as 
many as 10^  pfu of enterovirus per gram and 10* ° rotaviruses per 
gram (Tyrrell et al 1982)-. -Furthermore, the various treatments
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applied to wastewater differ in their ability to remove or 
inactivate enterovirus. Depending on the type and extent of 
treatment used from 0.001 to 100 percent of viruses initially 
present may persist in the final effluent (Gerba 1980).
There have been several investigations of viral migration through 
soil and the unsaturated zone beneath land application sites. 
These have been extensively reviewed by Keswick and Gerba (1980). 
Enterovirus penetration to depths as great as 67m have been 
reported. In several cases human enteric viruses have managed to 
migrate vertically through the unsaturated zone to reach the 
ground water table. Upon reaching the saturated zone horizontal 
migration is considerable. For example Fletcher and Myers (1974) 
using T4 coliphage as a tracer in the carbonate rock terrain 
areas of southern Missouri, detected the bacteriophage 
approximately one mile from the injection site in a cave stream.
Enteroviruses such as poliovirus, echovirus and coxsackievirus 
have also been observed to migrate 250m through sand and coarse 
gravel in saturated conditions (Keswick and Gerba 1980).
Thus viruses not only manage to reach groundwater from beneath 
land application sites by vertical migration through the soil 
profile and unsaturated zone but may also migrate considerable 
distances within it.
A.2.2. ISOLATION OF VIRUSES FROM GROUNDWATER.
Bitton et al (1985) collated 17 published records of viral 
isolations from groundwater. The main isolates were poliovirus, 
coxsackievirus B and echovirus.
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Viruses have also been found in groundwater suspected of cnuymy 
disease outbreaks.
A study of the incidence of waterborne disease in the U.S.A. 
(Lippy and Waltrip 1984) revealed that 35.3 percent of outbreaks 
from 1946 to 1980 were caused by contaminated and untreated 
groundwater. Of these 11.8 percent were of viral origin although 
in more than half of the outbreaks (52.1 percent) the agent was 
not determined.
Relatively fewer cases of waterborne disease outbreaks are 
reported in the United Kingdom, probably due to a lack of 
collation and a coherent surveillance policy (Wheeler 1987). One 
recent incident resulted from sewage contamination of a borehole 
causing more than one thousand cases of gastro-enteritis (Fennel 
1981). The aetiological agent was not identified.
It is quite possible that a high proportion of these disease 
outbreaks of unknown origin are caused by viruses. This is 
doubtless partly due to the fact that methods for isolating and 
detecting low levels of enteric viruses in water are insensitive 
and more significantly due to the absence of effective and 
practicable monitoring methods for many of the viruses commonly 
associated with waterborne disease: for example such viruses as 
Norwalk agent, hepatitis A virus and until recently rotavirus. 
Furthermore outbreaks are generally not recognised until at least 
1-2 weeks after exposure to the polluted water by which time 
sampling would probably be irrelevant.
It is likely, therefore, that viruses are the cause of many 
disease outbreaks via groundwater where no aetiologic agent has 
been detected.
9
A particularly well documented case of viral contamination of 
groundwater resulting in a disease outbreak has been reported by 
Wellings (1982). An outbreak of gastrointestinal illness occurred 
at a migrant labour camp in Florida. The drinking water source 
was from 6 wells. The suspect well was located 30.5m from a solid 
waste field and was in the middle of an area bordered by septic 
tanks. Echovirus 22/23 complex was isolated from the sewage, from 
the chlorinated (0.6 ppm) drinking water and from stools 
collected from individuals living in the camp. It was postulated 
that the virus was probably present due to contamination from the 
septic tanks and persisted in the chlorinated drinking water in 
the apparent absence of bacterial indicators. Furthermore, 6 
weeks after this investigation, 15 cases of hepatitis A occurred 
in the camp.
Another example of suspect viral disease transmission via 
groundwater was reported by Hejkal et al (1982). Investigations 
into an outbreak of gastroenteritis and hepatitis in Georgetown, 
Texas, isolated human enteric viruses from two of the city's 
wells and from a sample of the city's potable water in spite of a 
total chlorine residue of 0.8 mg per litre and the absence of 
coliform bacteria. Hepatitis A virus was also detected both in 
the city's sewage and in one well water sample.
An important feature to note about viral contamination of 
groundwater is that in several studies the virus has been found 
in potable water supplies in the presence of chlorine and in the 
absence of bacterial indicators of pollution.
In fact as early as 1960, human enteric viruses were found in 
the treated municipal water supplies in Paris (Clarke et al
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1975). Unfortunately no parallel bacterial tests had been 
performed. More recently in the United Kingdom, viruses have 
increasingly been found in treated and chlorinated waters in the 
absence of faecal and total coliforms (Tyler 1984, Slade 1985), 
including poliovirus isolations from a chalk well. In 1980, 
Marzouk et al took 155 environmental water samples (from surface, 
recreational water and groundwater) and analysed each for the 
standard bacterial faecal indicators and enteroviruses 
(poliovirus, coxsackievirus and echovirus). They found no 
significant statistical correlation between the occurrence of 
bacterial indicators and the presence of viruses. Keswick et al 
(1984) showed that 83 percent of water samples after 
clarification, filtration and chlorination, still contained 
either enteroviruses or rotavirus, yet a high percentage of these 
contained no detectable coliform bacteria.
It is also relevant to note that the minimum human infectious 
dose is believed to be as little as 1 to 10'particles of 
enteroviruses (Akin 1981). In contrast, depending on the agent 
and susceptibility of the host, the number of bacteria needed 
ranges from 10:l- to 10*3, to produce an infection. Therefore there 
is no known safety limit for viral pollution (Akin 1981).
The presence of viruses in chlorinated water raises some concern 
about the efficacy of chlorine disinfection based on currently 
accepted standards (WHO 1984). This is particularly relevant with 
regard to ground water as it is often considered free from 
pollution and therefore usually brought in to supply without any 
treatment other than chlorination. And in many developing 
countries groundwater is used ejven without any disinfection 
whatsoever.
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A,3. FACTORS AFFECTING THE MIGRATION AND SURVIVAL OF VIRUSES IN
GROUNDWATER.
A.3.1. CONTAMINANT TRANSPORT THROUGH GROUNDWATER.
The movement of groundwater and thus the dispersion of a 
contaminant within an aquifer will depend on the structure of the 
aquifer Ie the porosity and fissures and the way they connect, 
as well as the pressure exerted on the water from various 
directions (generally more than one).
Aquifers can be divided into two types: those in which water flow 
is mainly via pores in the rock matrix: and those in which water 
flow is mainly via fissures with some interaction and flow within 
the rock matrix.
3.1.1. Dispersion Through Porous Rock. (Fig 3)
As it flows through the subsurface, a point source contaminant, 
will enlarge in size as it moves down gradient ie it 
will disperse. As Anderson (1984) explains it will produce 
a sphere, moving horizontally along an x-axis, forming 
longitudinal spreading or dispersion parallel to the x- 
axis and transverse dispersion parallel to the y and z 
axes. Dispersion causes mixing with uncontaminated 
groundwater, and thus dispersion is a mechanism for 
dilution. Moreover, dispersion causes the contaminant to 
spread over a greater volume of aquifer as well as causing 
contaminants to arrive at a discharge point (eg a stream 
or a water well) prior to the arrival time calculated from 
the average groundwater velocity. This is due to the fact 
that some parts of the contaminant plume move faster than
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Figure 3. Microscopic Dispersion Through Porous Rocks (Anderson 
82) .
the average groundwater velocity.
Dispersion is caused by both microscopic and macroscopic effects. 
Mechanical dispersion is caused by the presence of a physical 
object which obstructs the direction of flow. Microscopic 
dispersion is a result of deviations of groundwater velocity on a 
microscale from the average groundwater velocity. These velocity 
variations arise because water in the centre of a pore space 
travels faster than the water near the wall and because diversion 
of flow paths around individual grains of porous material causes 
variations in average velocity among different pore spaces.
Diffusion is also a component of microscopic dispersion.
Diffusion is the movement of a species from a higher 
concentration to a lower, for both solutes and colloids, between 
mobile fissure water and (relatively) immobile matrix, or pore 
water. The mobile fissure water elutes particles from high 
concentration regions in the matrix and transfers them to regions 
of lower concentration along its direction of flow. Thus a 
contaminant may be dispersed and/or delayed from the average 
groundwater velocity.
3.1.2. Dispersion Through Fractured Rocks. (Fig 4)
Fractured rock will contain several fissures and several blocks 
of porous matrix material, separated by fissures. In effect it 
may be considered as a dual porosity medium.
Diffusion of the contaminants from fractures to the rock matrix 
can serve as a significant retardation mechanism and dispersion 
within the fracture has been shown to significantly accelerate 
the arrival of contaminants at a discharge point when velocities 
in the fractures are relatively low (Anderson 1984).
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Depending on the amount of channelling of groundwater, the water 
flow may best be described as linear rather than radial.
3.1.3. Mathematical Models.
Understanding of dispersion has encouraged the construction of 
mathematical equations to explain and predict the movement of 
contaminants through different types of porous media.
One simple model for describing viruses within fractured rock has 
been provided by Barker of the British Geological Survey (Section 
E.4) . The parameters Involved in this equation relating to the
contaminants characteristics are viral decay rate (R), adsorption 
(K) and diffusion coefficients (D). If these constants are found 
for pathogenic viruses for specific groundwater sites then it 
would enable the model to predict viral contaminant behaviour. 
However carefully designed field tracer tests are needed to
evaluate the applicability of the theories before the
mathematical model may be used with any degree of confidence.
3-1-4. Chemical Composition of Groundwater.
The chemical composition of groundwater will depend on the origin 
of the water and the rock types through which the water has 
passed.
Infiltrated water which has penetrated into the aquifer through 
seepage from the ground surface, may vary in composition 
considerably. This depends on the quantity and type of 
contamination it might originally contain and the purifying 
effect of the overlaying rock profile. The solubility of the rock
will also affect the quality of ground water.
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Only 17 elements and their compounds are to be found in natural 
waters (Rethati 1983). The most often encountered salts and their 
ions are shown in Table 2.
Table 2. Salts in Natural Waters and Ions Originating, Therefrom
(Szebe1ledy 1966) .
SALT IONS SALT IONS
MgSO* Mg++ SO*.— CaSO« Ca++ SO*—
NaCl Na+ Cl- CaCHCOsJa Ca++ HCO3 -
Mg (HCO3 ) sa Mg++ HCO3 - Na»SO* Na+ SO* —
Na.2 CO3 Na+ CO3 - NaHCOs Na+ HCO3 -
KC1 K+ Cl-
In a humid climate like the United Kingdom, the groundwater wi 11
contain only a few salts, the main ions being calcium
(especially in limestones) and magnesium bicarbonates.
Carbonic acid, nitric acid and sulphuric acid (especially if 
below industrial areas) are the most frequent Influences on the 
pH from infiltrated water. This of course affects the solubility 
of the rocks e^ g^ V when rain water percolates through chalk;
CaC0.3 + KbO + C0« = Ca++ + 2HCCb —
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A.3.2. INTERFACE REACTIONS
Depending on the local and general hydraulic conditions, 
explained previously, it is possible for a viral contaminant to 
migrate through an aquifer without coming into contact with the 
rock surface. That all viruses will do this is unlikely.
The human enteric viruses of principal concern have diameters 
between 0.03 to 0.07 microns and common bacteriophage 0.05 to 0.2 
microns. O'Melia and Stumm (1967) illustrated that for particles 
of 0.3 microns in size, contact efficiency in fibrous filters was 
almost solely governed by diffusion rather than direct 
interception such as straining and sedimentation. The average 
pore size of English Chalk ranges from 0.22 to 0.65 microns 
(Price et al 1976). Therefore, diffusion of viruses from the main 
fissure water into the rock matrix could easily be achieved and 
be an important factor in influencing viral destination. The rate 
of viral diffusion will be a function of diffusion in water 
multiplied by a tortuosity factor to correct for the obstructing 
effect of the porous medium. Calculated diffusion coefficients 
for uncharged spheres of radii 0.01-0.1 microns in water at 20°C 
are 2.1 x 10“ to 2.1 x 10""J,S2 nr3 per second (7.6xl0“3 to 7.6x10“ 
<5> mf* per hour) (Shaw 1983) .
Unfortunately the diffusion coefficients for viruses in porous 
chalk are not known, however if the virus advances close enough 
to the rock adsorption of the virus to the surface may occur.
Viruses are supramolecular assemblies. This means that they are 
protein complexes not completely co-valently linked but 
sufficiently tightly associated to behave in solution like a
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large protein molecule. They are colloids, meaning that they 
appear to be in solution but in fact are just suspended within 
it.
Most substances acquire an electric charge when brought into 
contact with an aqueous medium. Proteins acquire their charge 
mainly through the ionisation of carboxyl amino groups to give 
(?\C00- and?NH3+ (Shaw 1983) . These attract ions of opposite charge 
(counter-ions) from the dispersion medium into a compact layer 
(the STERN layer) around the particle, which partially 
neutralises the charge on the colloid -(Fig 5). These ions are 
attached (albeit temporarily) to the surface by electrostatic and 
van der Waals forces. To maintain the electrically neutral 
system, other counter-ions are held further away in a diffuse 
layer called the GOUY layer (Gerba 1984).
Figure 5. Virus Adsorption to Surfaces (Gerba 84).
The net molecular charge will depend strongly on the pH of the 
solution. At low pH a protein molecule will be positively charged 
and at high p H  it will be negatively charged. The pH at which the 
net charge is zero is called the iso-electric point C p i ) .
Most viruses have low pi values and are therefore negatively 
charged at neutral pH values including those generally found in 
nature.
If the number of counter-ions increases by addition of cationic 
salts or a change in pH, the thickness of the Gouy layer will 
decrease as fewer counter-ions are required to neutralise the 
surface charge. The reduction of the thickness of this layer 
facilitates the approach of different surfaces towards each 
other, allowing van der Waals forces to have an effect. Hence the 
adsorbant reaches the sorbent and attaches itself, if only for a 
short t ime.
Divalent and trivalent salts are more effective than monovalent 
salts in promoting virus adsorption. Rather than just 
neutralising the charges to allow closer contact of virus and 
solid, it has been suggested that multivalent ions link the two 
surfaces by forming SALT BRIDGES, a cross-complexation of the 
cation with groups on the two surfaces simultaneously (Gerba
1984). Divalent cations such as Mg++ would not be expected to 
complex as effectively as trivalent cations such as A1+++, and 
monovalent ions would be incapable of cross-complexation.
However, it is possible that too high a concentration of cations 
when both surfaces become positive will decrease the rate of 
adsorption.
Many studies have been performed on viral adsorption to a wide
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variety of surfaces, from membrane filters to soils and sand.
They have all been influential in defining and confirming the 
above theory on viral adsorption and are well reviewed by Gerba 
(1984).
Murray and Parks (1980) examined adsorption of poliovirus with 
various metal oxides from the standpoint of equilibrium 
thermodynamics. Other mechanisms involved in adsorption were 
considered such as electrostatic induction potentials, covalent- 
ionic interactions, hydrophobic interactions and hydrogen 
bonding. They found that only the double layer and van der Waals 
contributions were significant. These authors suggest that the 
ability of the adsorbants to generate large van der Waals 
potentials may be the most important factor in adsorption.
Hydrophobic interactions, however, have been found to be 
significant for some virus-surface interactions (Gerba 1984). 
Hydrophobic interactions can be defined as aggregations of non­
polar surfaces resulting from the higher (than bulk) free energy 
water structure adjacent to the non-polar surfaces.
These interactions are particularly important for lipid- 
containing viruses.
Apart from the possible hydrophobic interactions, organic matter 
in general tends to reduce adsorption rates by competing with the 
virus for the adsorption sites on the adsorbant (Lipson and 
Stotzky 1984). Organic contaminants have low dielectric natures 
and predominately a negative charge at neutral pH, therefore they 
may have some effect on the double-layer and van der Waals 
contributions to adsorption. (Murray and Parks 1980).
Furthermore, as for all adsorption phenomena, adsorption depends
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on the ratio of particle to adsorbant and the temperature of the 
conditions.
Predictions about the rate and extent of viral adsorption to a 
surface suspended in a medium may be attempted provided certain 
features of the system are at first determined. These include;
i) The charge and van der Waals potentials of both the virus and 
adsorbant (solid particles of an aquifer are usually negatively 
charged (Pekdeger and Matthess 1983) , although an exception is 
the iron and manganese hydroxides at low pH values).
ii) The size and shape of the virus, Murray and Parks (1980) 
predict greater adsorption from larger virions and from 
aggregates of viruses. Furthermore, bacteriophage often possess 
more than a multi-sided head including tail, baseplate and tail 
fibres, which may or may not effect the overall pi of the virus 
but will effect its adsorbative properties.
iii) The amino acid sequence of the viral coat, to find local 
pockets of different charges and hydrophobic sites. Goyal and 
Gerba (1979) found that virus adsorption to soils and other 
surfaces is highly type and strain-dependent, differences in 
adsorption between different strains of the same virus type 
probably resulting from variability in the configuration of 
proteins in the outer capsid of the virus.
iv) The composition of the medium, including ionic concentration 
and composition ie monovalent or multivalent ions, pH value and 
the presence of organics.
However, at this time when very little is known about the exact 
composition of the viral shell and groundwater environments in 
which they will be found it is far more appropriate to estimate 
viral adsorption by empirical batch adsorption studies.
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3.2.1. Adsorption Isotherms.
Curves summarising the distribution of particles between 
surface and liquid phase with changes in concentration at 
constant temperature are called adsorption isotherms. An 
isotherm provides a panorama of the course taken by the 
adsorption of a system under study and data can be put 
into a concise form which can readily be interpreted and 
evaluated.
No single mathematical equation can cover all cases of adsorption 
unless the equation is perfectly thermodynamic. The two 
mathematical expressions most frequently used to express 
adsorption isotherms are the Langmuir and Freundlich plots 
(Mysels 1959).
3.2.2. The Freundlich Isotherm.
This isotherm gives the amount of particle adsorbed per unit 
absorbant (Na/m) as a function of the concentration of particle 
in solution (Ns/v), and two constants; a and b.
Na/m = a(Ns/v)^ or log*a (Na/m) = log:(.o a + b logic. (Ns/v)
Where Na represents the number of viruses adsorbed to substrate, 
m equals the mass of substrate, Ns equals the number of viruses 
remaining in suspension and v Is the volume of suspending 
solution.
Both (Na/m) and (Ns/v) are readily accessible from experimental 
data and if plotted against each other should define a straight 
line of slope b and intercept logic, a. This kind of plot makes it 
possible to ascertain whether the data conform to the equation, 
and if they do, to evaluate the constants.
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3.2.3. The Langmuir Isotherm.
The Langmuir isotherm is a theoretical equation rather than an 
empirical one, such as the Freundlich isotherm. The Langmuir 
isotherm makes the following assumptions;
i) there is no interaction between adsorbed molecules on the 
adsorbant surface
ii) there is a homogeneity of active sites for adsorption across 
the adsorbant surface, and
iii) there is a limit to the amount adsorbed which correspond to 
a complete monolayer of solute particles on the adsorbant
surf ace.
(Na/m) = [qk(Ns/v)] / (1 + k(Ns/v)) or
(Ns/v)/(Na/m) = (1/kq) + (1/q) (Ns/v)
The second form permits the evaluation of the constants, k and q 
from a plot of (Ns/v) / (Na/m) vex-sus Ns/v, which should be lineal" 
An adsorption coefficient can be obtained from logic kq.
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A.3.3. SURVIVAL OF VIRUSES IN GROUNDWATER
The number of investigations of the persistence of viruses in 
groundwater is small in comparison with other aquatic 
environments.
co nta in in gUsing glass bottles a river, lake, brackish, ground and mains 
water, Niemi (1976) showed that T7 coliphage survived longer in 
cleaner waters such as the groundwater and mains water. The time 
for a decrease in virus concentration of 1 logic, units was 
greater than 10 weeks at both 3°C and 10°C.
Kokina et al (1977) tested water from three different wells in
one litre glass flasks at temperatures of 8-10°C and 18-20°C. The
three water types which varied in both mineral and organic
content were inoculated with several Enterobacter species as well
as poliovirus ILSc 2ab, echovirus type 7, coxsackievirus B3 and
coliphage TI. Sampling was carried out until organisms were
undetectable. In most of the tests the viruses survived longer
than the bacteria. Coliphage TI persisting the longest time: 320
days at 10°C. All microorganisms survived longer at the lower 
range
temperature/. There was some variation in survival rate between 
the three types of water which indicated that an increase in 
mineral and organic matter increased the time of persistence for 
all organisms.
Keswick et al (1982a) used survival chambers exposed to a 
continuous flow of groundwater at 3-15°C, to compare the 
persistence of poliovirus 1, coxsackievirus B3, simian rotavirus, 
coliphage f2 and two bacteria. They found that the coliphage and 
rotavirus had greater decay rates than the bacteria while the 
coxsackievirus and poliovirus had lower rates, -0.19 and -0.21
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per day, respectively. The decay rates are expressed as: Logio 
Nt/No where Nt equals virus titre at elapsed time t and No the 
initial concentration.
In a similar fashion, Bitton et al (1983a) experimented with 
poliovirus and coliphage f2 persistence in groundwater, using 
glass flasks held at 22°C and similar trends were observed. The 
coliphage f2 had a higher decay rate than poliovirus which was -
0.046 per day. They compared their results with those reported in 
the literature for viral persistence in sea and river water. This 
showed that poliovirus appeared to be far more stable in 
groundwater than in the other environments.
Another interesting study by Bitton et al (1983b) showed the 
effect of hyperbaric pressures in groundwater ranging from 500 to 
4000 psi at 24°C on poliovirus. This was to simulate the 
conditions found in deep aquifers. It was found that compared to 
control samples incubated at atmospheric pressure, poliovirus was 
nevertheless stable at the pressures tested.
Yates et al (1985) collected groundwater samples from throughout 
the United States and inoculated them with poliovirus 1, 
echovirus 1 and coliphage MS2 in polypropylene tubes. The 11 
water samples were analysed for a variety of physical and 
chemical properties. Multiple regression analysis revealed that 
temperature was the only single variable significantly correlated 
with the decay rate of all three viruses. Although calcium 
hardness was shown to be significant in affecting coliphage MS2,
77.5 percent of the variation in decay rates among the samples 
could be explained by temperature. By also considering all 
chemical and physical variables together (pH, ammonia, nitrates,
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total dissolved solids,turbidity and hardness) over 90 percent of 
the variation in decay rates among samples for all three viruses 
could be predicted. No significant difference in persistence was 
observed between any of the three viruses.
It may be concluded from these studies that temperature appears 
to have the greatest effect on viral survival in groundwaters.
In other environments virolytic action has been found to be 
significant. It has been shown that sea water has capacity for 
inactivating viruses which is associated with the marine 
bacterial population (Gunderson et al 1967). Furthermore, two 
specific bacteria have been observed to cause antiviral action in 
the marine environment (Katzenelson 1978). Cheo (1980) suggests 
that a bacterial factor is involved in antiviral action in soil. 
And most importantly Oliver and Herrmann (1972) showed that some 
enteroviruses are susceptible to proteolytic bacteria in 
conditions which allow the latter to grow. For example 
Pseudomonas aeruginosa was simultaneously inoculated with 
enterovirus into filter sterilised well and lake water samples. 
Net inactivation (expressed as -logic, for the ratio of 
infectivity titres of an experimental sample and its matched 
control sample) of coxsackievirus B3 in well water, with initial 
colony counts of approximately log*© 7 per ml, was 1.47 at 4 
weeks. The ecological significance of this finding is not 
certain.
Bacteria have been isolated from saturated aquifers at depths of 
50m (Foster et al 1983, White law and Rees 1980) . Parker and James 
(1984) looked at the bacterial quality in chalk and found that, 
rather than being dispersed throughout the rock, bacteria existed
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in selective micro-environments where conditions were locally 
more favourable to them, most probably on the fissure surfaces 
rather than within pores. Pseudomonas species were identified as 
members of the population. White law and Rees (1980) found high 
numbers between 2.5 x 10""- and 5 x lCF" colony forming units (cfu) 
per gram of chalk (dry weight)) of ammonium-oxidizing and 
nitrate-reducing bacteria at depths of 25 to 51 metres.
Towler et al (1985) found 9 x 10^  cfu per gram of chalk (wet 
weight) at 34m depths. Again the distribution of bacterial 
numbers was not uniform.
The implication of these observations is that the potential does 
exist for microbial antagonism in groundwater but its 
significance has yet to be elucidated. In an attempt to find 
antiviral activity due to bacteria in the population of well 
water, Squeri (1963) was unsuccessful. Yates and Gerba (1984) 
found that for MS2 the presence or absence of microorganisms had 
an inconsistent effect on its survival in the five groundwater 
samples investigated.
As bacterial antagonism has only been shown to cause antiviral 
activity in conditions which allow the bacteria to grow (Cliver
and Herrmann 1972) and the majority of bacteria are found on
fissure surfaces (Parker and James 1984) it is possible that 
bacterial antiviral activity will only occur on the surfaces of 
rock matrix and only on viruses that are already adsorbed, 
and'then, probably only within micro-environments where bacterial 
numbers are large. The number of bacteria suspended within the
groundwater itself are almost certainly too few to affect
viruses. Thus for the viruses suspended within groundwater.
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temperature appears to have the greatest effect on survival. 
However at constant temperature other factors may influence 
persistence.
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A.4. METHODS FOR INVESTIGATING THE MIGRATION AND SURVIVAL OF
VIRUSES IN GROUNDWATER.
A.4.1. FIELD INVESTIGATIONS.
One difficulty associated with the study of viral migration and 
survival in groundwaters is that each groundwater site is unique 
in its chemical and physical features. The main geological 
constituents of the aquifer and the age and source of water will 
affect the chemical parameters and the hydraulic conductivity 
will largely determine the physical aspects. Within each site 
many parameters have to be considered before assessing their 
effect on viral contaminants. Furthermore, investigations of the 
properties of aquifers ai~e extremely difficult and costly, often 
requiring drilling and expensive monitoring equipment. It is for 
these reasons that chemical and biological tracers are so 
frequently used in groundwater investigations, whether for 
studying the direction and velocity of the groundwater itself or 
of any potential contaminant within it. Tracers obviate the need 
for extensive investigations of hydrogeological, physical and 
chemical factors at each site.
The selected tracer to be used at any groundwater site must be 
easy to handle, effective and should not disturb the system in 
any way.
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The purpose of using tracers in groundwater is to investigate the 
direction and velocity of the groundwater or the behaviour of any 
potential contaminant within it.
The principal materials used as tracer of groundwater movement 
within aquifers have been salts, radio-isotopes and dyes. 
Radio-isotopes have not been widely used due to obvious public 
health and environmental concerns. The use of salts as tracers 
has been limited by techniques for measuring the amounts of salt 
(cations and anions) in water samples and differentiating the 
introduced salts from those already in the system.
Many types of dyes have been examined for use as water tracers 
especially fluorescein and rhodamine. However, they are very 
susceptible to absorption and optical quenching and have been 
found to suffer larger losses in groundwater when compared with 
some bacterial tracers (Pyle 1979, Rahe et al 1979).
Microorganisms have also been used in ground water mainly as 
models of contaminant transport. However, some possess properties 
which may allow them to be tracers of groundwater itself as well 
as models for important microbial contaminants. The three main 
classes of microorganisms used as tracers in groundwater are 
yeasts, bacteria and bacteriophage. They have been extensively 
reviewed by Keswick et al (1982b).
Yeast are the least sensitive tracers because they are relatively 
large, their volume being 1000 times greater than that of a 
representative bacterium. Thus fewer organisms per ml of tracer 
inoculum can be prepared in the laboratory. They may also be
4.1.1. Groundwater Tracers.
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naturally present in high numbers in polluted waters making it 
difficult to distinguish the tracer organism. They have been used 
in one sand and gravel aquifer site by Wood and Ehrlich (1978), 
where they were observed to penetrate more than 7 metres in less 
than 48 hours. This investigation also indicated that yeast cells 
moved through the aquifer faster than bromide and iodine, 
suggesting that the chemical tracers did not represent the 
movement of water or yeast cells adequately.
Bacteria are the most frequently used microbial tracers in 
groundwater studies. The main disadvantage of bacteria is the 
difficulty in selecting an organism which can be easily 
distinguished from the many different types present in highly 
contaminated waters. The three types of selective characteristics 
most commonly used are cultivation temperature, antibiotic 
resistance and pigmentation. This requirement necessarily 
restricts the number and type of bacteria which can be used. 
Furthermore the wisdom of using antibiotic resistant organisms in 
groundwaters and the possibility of transferring resistance to 
other naturally occurring bacteria cannot be discounted. 
Nevertheless, bacteria have often been used successfully as 
tracers in groundwater. In one case. Bacillus stearothermophilus 
and an Hs»S producing strains of Escherichia coli. were observed 
to travel over a distance of 920m through a gravel aquifer at a 
rate of 200m per day (Sinton 1980).
In evaluating the use of bacteria it should be noted that:
I) some bacteria are potential pathogens;
ii) some are capable of multiplication within the environment and 
so may give false results; and
iii) they are large enough to be filtered by some aquifer
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material and so are only representative of bacteria and not 
necessarily the groundwater itself or indeed other microorganisms 
eg viruses.
In contrast, bacteriophage have never been known to cause disease 
in humans, animals or plants. They are very easily 
distinguishable from each other due to their specificity for 
bacterial hosts and thus several may be used at the same time 
without necessitating the selection of a specific property. They 
are extremely unlikely to be present in normal groundwater 
systems nor capable of multiplication within them and thus will 
not suffer from background interference. They are also very small 
which means they are less susceptible to removal by the aquifer 
constituents. Their small size and physical composition permit 
them to be a potential model of human enteric viral behaviour. 
According to Wimpenny (1977), microbial tracers are not soluble 
in water but because of their small size they will not separate 
from the liquid phase. Their buoyant densities are quite close to 
that of water and so in addition to providing a model of 
contaminant transport, they can be considered in solution for the 
purposes of water tracing. Finally, high titres of the 
bacteriophage can be prepared inexpensively and in very small 
volumes. This, together with the sensitivity of detection (one 
plaque forming unit may be detected per 1000ml of sample (Purdy 
et al 1984)) allows bacteriophage to undergo a high degree of 
dilution (theoretically up to 17 logic, units) and still be 
detected. Bacteriophage are by far the most sensitive microbial 
tracers and possibly more sensitive than any of the chemical 
tracers including the radio-isotopes.
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Previous experiments using bacteriophage at groundwater sites
have been very successful either as models of contaminant
transport or of the groundwater itself. For example Martin and
Thomas (1974) performed a tracer experiment at a spoil heap to
investigate the origin of water which was flooding one of the
spoil tips, in order to take preventative action to avoid tip
collapse. An Aerobacter aerogenes phage was used and was able to
successfully sustain original deductions concerning the down-
slope movement of groundwater beneath the tip. Noonan and McNabb
(1979) used two different bacteriophage to trace the possible
viral migration from beneath a land application site. The
coliphage T4 travelled through 920m of a gravel aquifer within 96
hours. Finally the Yorkshire Water Authority (1981) used a
Serratia marcescens bacteriophage to investigate the source of a
helpwater supply pollutant and the phage was able to^identify the 
most likely source, a leaking sewer.
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A.4.2. LABORATORY INVESTIGATIONS.
Previous laboratory investigations on viruses in groundwater 
conditions have tended to concentrate on the survival 
character!stics of viruses suspended in groundwater or adsorption 
and column experiments on viruses in soils or unconsolidated 
materials eg sand.
4.2.1. Survival Studies.
Several investigations have been performed on the decay rate of 
viruses in groundwater (section A.3.3) and it is apparent that 
different groundwater sites produce different results. It is 
therefore important to determine decay rates for viruses at each' 
site of interest. To perform survival experiments groundwater can 
be brought into the . laboratory and viral decay rates determined. 
Alternatively the viruses can be taken to the groundwater site 
and suspended in-situ, a system which is responsive to physical 
and chemical changes that may occur in the surrounding water.
01Brian and Newman (1977) investigated the survival of 
enteroviruses in river water using membrane dialysis chambers. 
Metcalf and Stiles (1967) used cellulose dialysis tubes in 
coastal waters. Both concluded that these in~situ methods gave a 
more reliable result than traditional tests conducted in the 
laboratory. LaBelle and Gerba (1980) also used chambers in 
estaurine water, but rather than dialysis tubing they used 
polycarbonate membranes. These had the advantage of not being 
biodegradable and had a larger pore size (15nm rather than 3nm). 
Although the diffusion of sucrose, phenol red and methylene blue 
was found to be slower across the membrane than for dialysis 
tubing, adsorption of virus to the membrane was the same.
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Keswick et al (1982a) used survival chambers to investigate the 
decay rate of a group of viruses in laboratory simulated 
groundwater conditions. No investigations have been performed on 
viruses actually suspended within groundwater in the field.
4.2.2. Adsorption Studies.
Several batch experiments have been performed on a variety of 
viruses and well-defined surfaces. Many have been important in 
defining the theory of viral adsorption (section A.3.2). However, 
no information has been forthcoming to date on viral adsorption 
to chalk or calcium carbonate.
The principal objective of these investigations was to assess the 
adsorption rate for different bacteriophage and human enteric 
viruses with different soil and aquifer materials. This 
elucidates the potential importance of adsorption in the 
migration of viruses in groundwater and allows a comparison to be 
made between different viruses.
4.2.3. Column Studies.
The aim of column experiments is to reproduce as nearly as 
possible soil and aquifer conditions in the laboratory.
Several experiments have been performed using soil columns in 
saturated and unsaturated conditions and a few have been 
performed on unconsolidated aquifer material, namely sand (Dizer 
et al 1984, Lefler and Kott 1974, Robeck et al 1962). However no 
published work has been performed on solid aquifer materials.
Previous studies on soil and sand columns have shown the 
importance of: saturated and unsaturated conditions (Lance and 
Gerba 1984a); the rate of flow through the columns (Wang et al 
1981); the ionic composition of the water (Lance and Gerba 1984b)
35
and the type of influent (Dizer et al 1984); the differences 
among soil properties (cation exchange capacity and organic 
carbon and clay content) (Funderburg et al 1981); and the length 
of column (Young and Burbank 1973).
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A.5 . TI1E PROJECT.
The objective of this investigation was to conduct research with 
a group of tracers which could be used at any groundwater site 
and to compare these tracers with human enteric viruses with 
respect to particular characteristics which effect their 
migration. Thus a simplified and possibly more accurate approach 
to predicting viral migration in groundwater could be devised.
A.5.1. FIELD INVESTIGATIONS.
Previous experiments with bacteriophage have been primarily 
concerned with investigating certain aspects of groundwater 
systems rather than examining fundamental aspects of tracer 
interactions with groundwater systems.
As the object of this investigation was to investigate the 
behaviour of bacteriophage at groundwater sites determining their 
resemblance to human enteric viruses in the laboratory it was 
important to examine such features as:
i) the pattern of recovery from the groundwater site;
ii) the percentage of original inoculum of bacteriophage 
recovered;
iii) the rate of bacteriophage migration.
Also a tentative exploration of the location of the displaced 
Phage within the aquifer was considered desirable. Furthermore it 
was considered important to observe any differences in behaviour 
exhibited by the three phage used.
The sites chosen for this investigation were all chalk aquifers 
in the United Kingdom.
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Etton, Humberside: Three tracer experiments, each employing three 
phages, were performed over two distances, under different 
hydrogeological conditions.
Swaffham, Norfolk: One experiment was performed, using three 
bacteriophage injected at three different depths within the 
aquifer.
Sawston, Cambridgeshire: Two experiments were conducted using
two different injection sites: one with three phage at three 
different depths, approximately 1km away and the other with two 
phage injected at the same depth 50m away from the pumping 
borehole. Different sampling regimes were applied.
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A.5.2. LABORATORY INVESTIGATIONS.
The factors which affect the migration of the bacteriophage 
through the chalk aquifer may be summarised thus :
1. the decay rates of the bacteriophage suspended within the 
groundwater and/or adsorbed to the rock surface.
2. the interface reactions between water and rock matrix 
(diffusion and adsorption) and;
3. the direction and velocity of the groundwater through the rock 
bed (dispersion and dilution);
The laboratory studies were chosen to compare bacteriophage 
behaviour in groundwater with that qf human enteric viruses.
1. Survival Experiments - to determine the decay rates for the 
phage and human viruses suspended in groundwater;
2. Batch Adsorption Studies - to compare rate of adsorption to 
the chalk by the different viruses and;
3. Column Experiments in Simulated Saturated Aquifer Conditions - 
to allow direct comparison of behaviour under laboratory 
conditions, including the geohydro logical influences, diffusion, 
adsorption and to a certain extent, decay rates. The laboratory 
studies chosen to compare viruses were similar to those employed 
in other investigations, but they were modified to fit the 
criteria of this study.
5.2.1. Survival Studies.
Survival chambers were chosen as a method for investigating 
bacteriophage survival in-situ. By placing the survival chambers 
at the site of a tracer investigation a direct method for 
estimating the influence of viral die-off on the tracer results
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can be achieved. The human enteric viruses and phage survival 
times were also investigated in survival chambers in simulated 
groundwater conditions in the laboratory.
The properties of the membranes used were important in 
determining which solutes could actually transfer across the 
membrane and thus the responsiveness of this system to changes in 
the environment. The rate of diffusion across a membrane is 
related to its porosity, thickness and surface area as well as 
the fluid velocity. In order to expose the viruses to as near 
natural conditions as possible a novel membrane was used, with an 
even larger pore size (40nm) than used in similar investigations. 
The membrane consisted of a double layer of 100 percent nylons 
(Pall) with no additives of any kind. Nylon** is inherently 
hydrophilic ie it wets instantly; it is naturally strong and 
flexible and retains its integrity after repeated sterilisation. 
The membranes employed with this study had a narrow pore diameter 
range. They had also passed the Systemic Toxicity Test (Pall).
All phage employed were of a diameter greater than 50nm and 
rotaviruses are 70nm in diameter. However enteroviruses are only 
27nm. It was for this reason that only the bacteriophage were 
considered for experimentation in the field. However, the human 
enteric viruses were still used in survival chamber experiments 
in the laboratory in simulated groundwater conditions despite the 
potential problem of viral leakage. The more traditional method 
ie a container of groundwater kept in the laboratory, was also 
employed simultaneously to allow direct comparison of 
bacteriophage and human enteric viral survival.
Before the survival chambers were used several investigations
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were performed on the membrane in order to compare performance 
with that of dialysis tubing. Important properties for 
investigation included solute transfer and viral adsorption.
5.2.2. Adsorption Studies.
The method for this study was adapted from the extensive work 
(Moore et al 1981) on poliovirus adsorption by 34 minerals and 
soils. It has the following features :
i) a nonreactive container surface to minimise virus 
adsorption to it. Moore et al (1981) tested a variety of 
materials for poliovirus adsorption to select a suitable 
container with minimum reactivity; polypropylene permitted 
the greatest recovery.
ii) a virus preparation relatively free of other proteins and 
cell debris,
iii) amounts of virus and substrate sufficient to permit 
measurement of uptake after a short time.
The aim of this study was to determine adsorption behaviour for 
the various viruses involved in this investigation in order to 
compare the behaviour of pathogenic viruses with that of the 
tracers, determine the importance of adsorption as an influence 
on viral migration within chalk aquifers and to compare this 
phenomenon with viral behaviour on other soils and minerals 
reported in the literature.
5.2.3. Column Studies.
Column investigations were concerned with comparing the behaviour 
of bacteriophage with human enteric virus under chalk aquifer 
conditions. This meant preparing a column of chalk, saturated 
with a constant flow of groundwater at a temperature and rate of 
flow comparable to field conditions.
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SECTION B: LABORATORY INVESTIGATIONS. MATERIALS AND METHODS.
B.l. CULTIVATION AND ASSAY OF iS^TERIOPHAGE.
B.1.1. BACTERIOPHAGE AND BACTERIAL HOST.
Five bacteriophage were included in the various field and 
laboratory experiments (Table 3). Many of the bacteriophage used 
were donated from various sources, however one of the chosen 
bacteriophage (Erwinia carotovora phage) was isolated and 
cultured in the laboratory specifically for this investigation. 
Methods and results for isolating, developing and culturing novel 
bacteriophage can be found in Appendix 1.
Three bacteriophage; a Serratia marcescens phage, a K12 coliphage 
and an Enterobacter cloacae phage, were included in the field 
investigations and the batch adsorption studies and column 
studies. All five were used in the survival investigations.
B.l.2. BACTERIAL HOST STORAGE AND PRESERVATION.
Long Term. All host used in this investigation were freeze dried 
and stored at room temperature.
Short Term. All host, apart from the streptococci were cultured 
onto duplicate NA slopes in Bijoux bottles and maintained at 4°C. 
The streptococci were cultured in Beef Extract Broth and kept at 
4° C.
Regular Use. When bacterial inoculation was needed for soft agar 
overlay assays, 10-20ml of Rich Nutrient Broth (RNB) was 
inoculated with the host from the NA slopes and incubated 
overnight. After use they were discarded.
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Table 3. List of Bacteriophage and their Bacterial Hosts Involved
in Tracer and Laboratory Investigations.
1. Bacillus 1icheniformis bacteriophage (B.L.).
Both host and phage isolated by R. Purdy (Dept of Applied 
Biology, UWIST, Cardiff).
2. Enterobacter cloacae bacteriophage (Ent).
The Enterobacter cloacae bacteriophage was isolated from 
Holdenhurst Sewage Works by D. Wheeler.
The host is a wild strain, also isolated by D. Wheeler, 
from seawater at Bournemouth.
3. Erwinia carotovora bacteriophage (Erw).
The phage was isolated from Guildford Sewage Treatment Works.
The host came from University of Surrey Culture Collection 
(1810).
4. Escherichia coli K12 bacteriophage (K12).
The K12 E .coli bacteriophage is a wild strain bacteriophage 
isolated by J. Watkins (YWA).
The host strain came fr'om N.T.C.C.9481 (W1485) .
5. Serratia marcescens bacteriophage (S.m.).
The Serratia marcescens bacteriophage was isolated from sea water 
by J. Watkins (YWA).
The host strain is N.C.I.B.10644.
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B.1.3. BACTERIOPHAGE STORAGE AND PRESERVATION.
Small Volumes of Purified Bacteriophage. These were either stored 
in glass Universals at 4°C or in plastic universals and stored at 
-70°C.
Large Volumes of Bacteriophage. Preparations arrived at the 
laboratory as a 50 percent solution in glycerol. These were 
stored at 4°C for short term use or -20°C for longer term use.
B.1.4. BACTERIOPHAGE ASSAY (SOFT AGAR OVERLAY TECHNIQUE).
All bacteriophage were assayed with the Soft Agar Overlay 
Technique (Adams 1959) . Adaptations were made to the assay to 
allow as many samples to be analysed in as short a time as 
possible. The media constituents were chosen to produce the 
optimum numbers of plaques. The precision (closeness of 
reproducibility in replicate tests) of the method was estimated 
using Enterobacter cloacae bacteriophage. Media constituents will 
be found in Appendix 3.
The bacterial host was grown overnight, at optimum temperature 
for growth, in RNB. A 0.1 or 1ml aliquot of the sample to be 
tested was added to 0.1ml or 1ml of the bacterial host on a plate 
of Blood Agar Base (Oxoid). Three ml of molten Soft Agar (kept at
44°C) was pipetted onto the mixture and the whole plate was
rotated fairly vigorously to allow mixing. The plate was left 
with the lid ajar, to allow the agar to set without causing too 
much condensation within the plate (too much moisture can cause 
false spreading of lysis across the plate). Setting took
approximately 5 to 10 mins. The lid was replaced and the plate
inverted and incubated overnight at the optimum temperature for
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the bacterial host. The number of areas of lysis or PLAQUE 
FORMING UNITS (pfu) were counted.
B.l.5. PRECISION ANALYSIS OF SOFT AGAR OVERLAY TECHNIQUE.
Enterobacter cloacae bacteriophage was used to estimate 
confidence in the reproducibility of this assay. Phage were 
diluted (10 fold) and ten replicates of each dilution were 
performed using the Soft Agar Overlay method (Section B.l.4).
The dilutions producing between 30 and 100 pfu per plate were 
counted.
Statistical analysis:
Taking the ten replicates to represent the normal curve:
30 to 100 pfu per plate;
Mean (x) = 35.8
Standard Deviation (cr) - 8.08
95 percent confidence interval ; x ■+ t <5* / n
35.8 t 5.7
Coef . of Variation ; Cv = 100 6" / x
22.57 percent
B.l.6. CULTIVATION OF BACTERIOPHAGE ON AGAR PLATES.
Bacteriophage may be cultured in bacterial cells on agar plates 
or suspended in large culture vessels. For the laboratory 
experiments bacteriophage were cultured on agar plates. For the 
field investigations bacteriophage of high titre were required in 
large volumes therefore they were grown in large fermentation 
vessels. The three bacteriophage used in the field studies were 
cultured and kindly donated by Yorkshire Water Authority.
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A high titre of bacteriophage (0.1ml) was added to the bacterial 
host and soft agar overlay on a BAB plate, as in section B.1.4. 
After incubation the plate produced a high number of pfu.
10-2Gml of RNB was added to the agar plate and the soft agar 
overlay was mashed using a sterile stick and left for 30 mins (to 
allow phage to release into the RNB). The medium and soft agar 
overlay were poured into a new petri dish and freeze-thawed, 
three times at -20°C to +20°C . This process disrupts bacterial 
cells to release further phage. The preparation was centrifuged 
at 7500 g for 25 mins at room temperature and the supernatant 
retained.
B.1.7. BACTERIOPHAGE PURIFICATION AND CONCENTRATION.
Small volumes of phage were purified for the laboratory 
experiments. The centrifuged supernatant extracted from the agar 
plates was filtered through a Swinnex filter unit (membrane pore 
size 0.45um). The supernatant was transferred to polypropylene 
centrifuge tubes and centrifuged at 11 000 g for one hour at 4°C. 
Finally preparations were dialysed in visking tubing which had 
been previously soaked in bovine serum albumin for 3 hours, with 
subsequent washings in PBS. This was to prevent adsorption of the 
viruses onto the visking tubing walls. The supernatants were 
dialysed at 4°C, against PBS 150-300 times the volume within, 
with two changes of dialysate (every 8 hours).
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B.1.8. CROSS-INFECTIVITY BETWEEN BACTERIOPHAGES AND THEIR HOSTS.
Before using any of the phage in simultaneous experiments it was 
important to determine whether the bacteriophage could lyse any 
of the other bacteria being used as hosts. If phage did cross 
react with more than one host it would render them inappropriate 
for simultaneous application.
Each phage was assayed against each bacterial host. If plaques 
were observed on the plates then it could be assumed that that 
particular bacterium was sensitive to the phage under test. 
Coliphage; Lambda (L), T7, T4 and MS2 plus an Acinetobacter 
anitratum bacteriophage (Appendix 1) and a Bacillus subtilis 
bacteriophage (obtained from the same source as B licheniformis 
Phage) were also included in this experiment.
Using the Soft Agar Overlay technique, 1ml of purified phage 
inoculum was added to 1ml of each of the bacterial hosts, in 
duplicate. These were then incubated at the optimum temperature 
for host growth. The results from this experiment can be found in 
Table 4.
B.1.9. TRANSMISSION ELECTRON MICROSCOPY.
The technique was taken from Almeida (1980)
Negative Staining
400 mesh copper grids first coated with a thin plastic film of 
Formvar. They were then coated with Colloidal Carbon under 
vacuum.
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Table 4. Cross-Infectivity Between Bacteriophage and Their Hosts
lml of a high titre of phage (ICK1' - 10** pfu per ml)
Host Bacterium. K12
Coliphage 
T7 MS 2 T4 L
Acinetobacter anitratum (1608) - - - - -
Bacillus licheniformis (R.P.) - - - - -
Bacillus subtilis (R.P.) - - - - -
Escherichia coli MS2 + + + + +
Esherichia coli T7 + T 41 *f -
Enterobacter cloacae (A.G.) - - 1
Erwinia carotovora (1801) - -
Serratia marcescens (J.W.) - ~ ~ ~ -
rt Bacteriophage
Host Bacterium. A. a B,. 1 B.s Ent Erw S.m
Acinetobacter anitratum (1608) + - - - - -
Bacillus 1icheniformis (R.P.) - + - - - -
Bacillus subtilis (R.P.) - - + - - -
Escherichia coli MS2 - - - - - -
Escherichia coli T7 - - - - - -
Enterobacter cloacae (A.G.) - - — + — -
Erwinia carotovora (1801) - - + -
Serratia marcescens (J.W.) - _ _ - - - +
+ = bacterium is lysed by phage.
- = bacterium is not lysed by phage.
* Where: A.a represents Acinetobacter anitratum phage, B.l = 
Bacillus 1icheniformis phage, B.s = B subtil is phage, Ent = Ent 
cloacae phage, Erw = Erwinia carotovora phage and S.m =
S marcescens phage.
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Preparation of Viral Specimens
Phage preparations were taken from agar plates, freeze-thawed and 
centrifuged at 7500 g as described in section B.1.6. The 
supernatant was then centrifuged at 15 000 g for one hour. The 
pellet was resuspended in a minimal amount of water eg 50ul in 
order to obtain opalescence. To a drop of this suspension an 
equal drop of 3 percent phosphotungstic acid was added, and after 
mixing, an aliquot placed on a grid held by forceps. After 
allowing adsorption for 10 to 20 seconds, the excess fluid was 
withdrawn by filter paper and allowed to dry. The grid was then 
ready for examination under the microscope. The two microscopes 
used were a Joel 100 and a Joel 200 CX. Electron microscope 
photographs may be found in Appendix 2.
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B.2. CULTIVATION AND ASSAY OF ENTERIC VIRUSES.
B.2.1. VIRUSES
Four potentially pathogenic viruses were chosen for inclusion in 
this investigation. They were chosen because they are all found 
in high titres in domestic sewage (Rao and Melnick 1986) and all 
are therefore potential contaminants of groundwater. They are 
also commonly used in environmental experiments and easily 
cultivated and assayed.
Three of the chosen viruses are members of the Enteroviridae 
which are single stranded RNA viruses, 27nm in size, with a 
icosahedral spheroid protein coat. The three enteroviruses were 
poliovirus ILSc 2ab (the Sabin attenuated vaccine strain), and 
laboratory isolates of coxsackievirus B5 and echovirus type 1.
All of these were donated to the University by J. Slade (TWA). 
Their pathogenicity varies depending on the site of invasion.
This varies from paralysis (poliovirus), meningitis, respiratory 
disease to mild or asymptomatic gut infections.
The fourth virus was a rotavirus, a member of the Reoviridae a 
double stranded RNA virus with a characteristic double capsid 
70nm in diameter. Rotavirus is the main aetiological agent of 
infantile gastro-enteritis in many parts of the world.
A simian strain (SA-11) was employed in this study, donated by 
M. Estes (Baylor College, Texas, USA). The SA-11 strain can be 
grown in tissue culture.
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B.2.2. CELL LINES
The three enteroviruses were assayed using the Buffalo Green 
Monkey kidney continuous, cell line. BGM cells were originally 
donated by J. Slade (TWA).
Rotaviruses were assayed using MA-104 cells, a foetal Rhesus 
monkey cell line (Microbiological Associates). MA-104 cells were 
originally donated by Dr Macrea (Warwick University).
Media constituents will be found in Appendix 3. All cells were 
incubated in 5 percent COat or in air if in tightly enclosed 
containers. Cell lines were passaged every 3 to 8 days in 25cm3 
plastic tissue culture flasks (Nunc). When a 25cm3 bottle became 
confluent (approximately lO-5" cells per bottle) the cells were 
stripped from the base of the bottle and split by the following 
procedure:
Spent medium was poured off and the cells were washed in 10ml of 
PBS 3 times. 3ml of trypsin land versene' was added and left for 10 
to 30 seconds before decanting. The bottle was placed with its 
cap tightly closed, at 37°C, in air for 10 mins, or until cells 
were observed to be free from the base. Growth medium was added, 
triturated, and distributed into new bottles. Incubation was 
always with a tight cap in air at 37°C.
BGM Cell Lines
These were passaged at a 1 : 10 ratio. One confluent 25cm3 bottle 
was sufficient to inoculate ten new bottles. Eight millilitres of 
Growth medium were used in each 25cm3 bottle. For some purposes 
80cm3 bottles were required. In such cases one 25cmrs bottle was 
split into 3 or 4 80cm3 bottles and 35-40ml of Growth medium was 
used per bottle. If after 3 to 4 days, each bottle was washed 2
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to 3 times in PBS and 8 ml of Maintenance media added, the 
cells could then be incubated for a further 3 to 4 days before 
passaging became necessary. The passage number was recorded.
MA--104 Cell Line
These were split in a 1 ; 4 ratio, 8ml of growth medium was used 
in each bottle. These cells required passaging every 3 to 4 days.
B.2.3. CELL LINE STORAGE AND PRESERVATION
Both the BGM and the MA-104 cells were treated in the same 
fashion. Cells from a confluent bottle were stripped (section 
B.2.2) and 1-1.5ml of growth medium containing double strength 
foetal calf serum plus 7.5 percent dimethyl sulphoxide (BDH 
Analar) was added and triturated. The mixture was pipetted into 
plastic ampoules (Nunc) and placed in a -20°C freezer for 24 
hours. After this the ampoule was placed in liquid nitrogen 
(—190°C) .
Resuscitation
One ampoule was removed and defrosted rapidly by placing in warm 
water at approximately 30°C. When defrosted the cell suspension 
was poured into a 25cm3 bottle with the addition of 8ml of Growth 
medium. This was left for 2 hours (to allow the majority of cells 
to attach to base of the bottle) before the medium was discarded. 
The cells were washed in PBS 3 times (to remove traces of DMS) 
and 8ml of fresh Growth medium was applied. After 3 or 4 days a 
confluent growth of cells appeared, ready for passaging.
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B.2.4. CULTIVATION OF ENTEROVIRUSES IN BGM CELLS
For these purposes 80cm3 bottles of confluent cells were used.
A confluent 80cm3 bottle of BGM cells was washed 3 times in PBS
Y U w \  -  | - r t i  •
and 0.5ml of the virus plus 35-40ml of GrowtMmedium, was added 
to the cells. This was incubated, with tight caps at 37°C in air 
for 2-4 days or until total cell destruction was observed.
B.2.5. CULTIVATION OF SIMIAN ROTAVIRUS (SA-11) IN MA-104 CELLS.
A confluent 80cm3 bottle of cells was washed 3 times in PBS and 
30ml of Serum-free Growth medium was added and then incubated 
overnight at 37°C. The cell sheet was washed in PBS, and 0.5ml of 
the virus suspension added. This was incubated for one hour at 
37°C, rocking every 10 to 15 mins to prevent drying of the cells 
and to ensure even distribution. This allows the virus to become 
closely associated with the cells before dilution by the addition 
of further media. Then 35-40ml of serum-free Growth medium plus
7.5 percent per ml trypsin was added. This was incubated at 37°C 
for 2 to 4 days, until total cell destruction occurred.
B.2.6. VIRUS PURIFICATION
This procedure was followed for all viruses. After extensive 
viral cytopathic effect had occurred in the 80cm3 bottles, the 
bottle was placed in a -20°C freezer. It was then thawed at room 
temperature. This process was repeated 3 times. The suspension 
was centrifuged at 7500 g for 25 mins, and the supernatant 
containing the majority of virus was retained. The supernatant 
was centrifuged, filtered and dialysed using the same procedure 
as described in section (B.1.7) for bacteriophage purification.
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B.2.7. ENTEROVIRUS INFECTIVITY TITRATION
Serial dilutions (10 fold) were made of the viral sample in PBS. 
This was usually a dilution of 0.1 ml into 0.9ml PBS in Bijoux.
A confluent 25cm3 bottle of BGM cells was split at a 1 : 5 ratio, 
by adding 40ml of double strength Growth medium after detachment 
of cells with (verseneA and trypsin treatment. To each well of a 
Nunc microtitre plate (containing 96 wells), 0.1ml of the cell 
suspension was added. 0.1ml of each virus dilution was then added 
to four of these wells. An acetate adhesive cover was then placed 
over the prepared wells and the plate was incubated at 37°C , at 
5 percent CCb . After three days the plate was examined for 
development of cytopathic effect (CPE), using a Lietz inverted 
microscope. Infectivity was determined by the'Karber Equation to 
find 50 percent tissue culture infective dose (TCIDbo per ml).
B.2.8. SIMIAN ROTAVIRUS INFECTIVITY TEST (PLAQUE ASSAY) . Lt '
A confluent 25cm3 bottle of MA-104 cells was split at a ratio of 
1 : 4.5, by adding 36ml of Growth medium. 3m1 of this cell 
suspension was pipetted into each well of a 6 well multiplate 
(Nunc). This required one 25cm3 bottle for two multiplates.These 
were incubated in C0s» at 37°C, for up to 3 days. Cells were 
washed in PBS 3 times before addition of 3m1 of serum free Growth 
medium. These were then left overnight at 37°C in 5 percent CCb . 
Serial dilutions (10 fold) were made of the viral sample in PBS. 
The medium in the multiwells was discarded and 0.5ml of the virus 
dilution was pipetted onto the cell sheet. Assays were performed 
in duplicate. This was left at 37°C, 5 percent CCb for 45-60 
mins, rotating regularly in order to prevent the cells from 
drying out and to ensure even distribution. Molten Agar Medium
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(2ml at 44°C) was carefully pipetted onto the cell sheet. When 
cooled the plate was inverted and incubated at 37°C, 5 percent 
CCb for up to 4 days. Plaques were counted and related to virus 
titre.
For a clearer impression of the plaques the following procedure 
was followed: 3ml of a 10 percent solution of formalin was added 
to each well and left to stand for 10 mins. Using tweezers, the 
soft agar was carefully removed, and the cell sheet was fixed for 
a further 5 mins with the formalin. The cell sheet was washed 
with tap water followed by the addition of 0.1ml of a 1 percent 
solution of Neutral Red. This was left for 5 mins, washed and 
Plaques were more easily enumerated.
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B.3. SURVIVAL STUDIES. LABORATORY INVESTIGATIONS.
B.3.1. SURVIVAL CHAMBERS.
3.1.1. Assembly.
Survival Chambers (McFeters and Stuart 1972) were used which had 
previously been used to define survival rates for bacteria and 
viruses in groundwater in the laboratory. They were adapted and 
used in the field to measure directly the survival of 
bacteriophage in groundwater.
The chambers consisted of a stainless steel casement and two 
membranes which enclosed a 50ml volume chamber (Fig 6). The 
survival chambers were clamped together with the membranes in 
place between the rubber gaskets and steel plates. The two 
needles were positioned and their tops sealed with cotton wool 
and autoclave tape. The survival chambers were placed in 
autoclave bags (to prevent excess wetting) with the clamping 
bolts loose to allow expansion of plates without damage to the 
membranes, and then autoclaved. After cooling the clamping bolts 
were tightened. Using a Gillette 20ml syringe, 50ml of autoclaved 
ground water plus viral inoculum was slowly introduced into the 
chambers while preventing the introduction of air bubbles. The 
needles were sealed with sterile cotton wool and paraffin sealing 
tissue.
3.1.2. Sampling
First the chamber was well shaken. The area around the neck of 
the needles was wiped with cotton wool soaked in industrial 
methylated spirit. One of the needles was carefully removed.
A sterile 1ml syringe and a new needle was inserted into the 
survival chamber and 0.1ml or 1ml of sample was withdrawn. The
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Figure 6. Diagram of Survival Chamber.
Materials.
3 pieces of stainless steel plates
4 flat rubber gaskets (7.7cm)
2 double layer nylon membranes, pore size O.Ofum (1*0nm) , 7.7cm 
diameter.
6 screws, length 4cm
2 Gillette needles, C0903, 50mm 11/10 
2 external grids 12.5cm diam.
200m length steel cable
External diameter : 10cm (4 inches)
Internal diameter : 6cm
Width (when assembled) : 4cm (1.5 inches)
Diameter of membrane : 7.7cm
Thickness (when assembled) 4cm
\
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new needle, in position, was sealed with cotton wool and paraffin 
sealing tissue.
B.3.2. FIELD SURVIVAL CHAMBER.
The site chosen for positioning the survival chambers was a 
nearby chalk spring source in the Thames Water Authority 
(Southern Division) catchment area, near Grafham, Surrey. It is 
an underground tunnel conducting natural spring water from the 
underlying chalk aquifer to a private house.
Survival chambers were suspended in this free running groundwater 
site. Samples were taken at weekly intervals for 11 weeks.
Table 5. Inoculum for Field Survival Chamber Experiment.
Bacteriophage of;
Enterobacter cloacae 
Erwinia carotovora 
K12 E coli
Bacillus 1icheniformis
Inoculum
5 x 10  ^pfu per 50 ml
5 x 10'3 pfu per 50 ml
5 x 10"^  pfu per 50 ml
5 x 10ra pfu per 50 ml
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All laboratory investigations were undertaken using water from 
the field experiment site or a nearby groundwater supply station. 
The physical and chemical properties of the water are shown in 
Table 6.
Table 6. Chemical and Physical Analysis of Groundwater at 
Experimental Site. (Provided by Thames Water Authority).
Physical Characters 
Temperature: 12°C 
Conductivity: 210 uS/ 
Turbidity (F.T.U) <0.05
cm (at 20°C)
Chemical Analysis (mg/litre)
Alkalinity: 14 (CaCCb) Total Hardness: 62 (CaC0.3)
Carbonate Hardness;: 14 Non Carbonate Hardness: 48 (CaCOa)
Nitrate: 3 Nitrite: <0.005
Mn: < 0.01 Ammoniacal Nitrogen: < 0.01
Cu: < 0.02 Zn: < 0.01
Pb: < 0.02 Fe: < 0.02
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B.3.3. LABORATORY SURVIVAL CHAMBER.
A 12 litre container was filled with 10 litres of non-sterile 
groundwater. The survival chambers were immersed in the water and 
the container was covered and kept at 10-11°C. Samples were taken 
from the chambers at regular intervals for 8 or 12 weeks. Samples 
were also taken, at weekly intervals, from the external water to 
check for viral leakage.
Table 7. Inoculum for Laboratory Survival Chamber Experiment.
Bacteriophage of; Inoculum
Serratia marcescens 5 X 10"' pfu per 50 ml
Enterobacter cloacae 5 x 10"' Pfu per 50 ml
Erwinia carotovora 5 X 10* pfu per 50 ml
K12 E coli 5 X 10"' pfu per 50 ml
Bacillus licheniformis 5 X 10ra pfu per 50 ml
Poliovirus 1 TCIDoo 5 X 10-7 per 50 ml
Echovirus 1 TCIDao 5 X 10* per 50 ml
Coxsackievirus B5 TCIDtoo 5 X 10"' per 50 ml
Simian rotavirus 5 X 10ra pfu per 50 ml
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B.3.4. LABORATORY TEN LITRE FLASK CONDITIONS.
Ten litres of chalk groundwater was abstracted from the field 
investigation site and poured into a clean sterile ten litre 
glass flask. A high titre of different viruses were added and the 
whole stored at 1Q-11°C. Samples were taken weekly for 11 weeks. 
The water was also examined for bacterial counts (colony forming 
units at 22°C) at regular intervals.
Table 8. Inoculum for Laboratory Flask Experiment.
Bacteriophage of; Inoculum
Enterobacter cloacae 10** Pfu per 10 1itres
Erwinia carotovora 10** pfu per 10 1itres
K12 E coli 10** pfu per 10 litres
Bacillus 1icheniformis 10° pfu per 10 1itres
Poliovirus 1 TCIDso 10*” per 10 litres
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B.4. ADSORPTION STUDIES.
B.4.1. EXPERIMENTAL PROCEDURE.
Chalk was collected at a chalk aquifer site near Kings Lynn, 
Norfolk. The chalk was crushed and the portion passing through a 
0.25mm sieve was collected. This was dried at 35°C for four hours 
before use.
Experiments were performed in 10ml polypropylene centrifuge 
tubes. The chalk substrate was added to the tubes with 1.9ml 
of sterile, distilled, deionised water. The pH was measured.
0.1ml of a mixed virus inoculum was added to the mixture and was 
shaken vigorously with a vortex mixer for 10 seconds. The tubes 
were placed in shake flasks and shaken at full speed on a flask 
shaker (approximately 300rpm) for one hour at 4°C. The substrate 
and suspending medium were separated by centrifugation at 10 OOOg 
for 30 minutes at 4°C. The supernatant was removed for viral 
assay.
The amount of virus adsorbed was calculated as the difference 
between the amount recovered from suitable control samples (just 
virus and water) and the amount found in the supernatant of 
samples containing substrate.
B.4.2. SUBSTRATE VARIATION.
In experiments i) to iii) the infectivity titre of virus remained 
the same while the weight of crushed chalk varied from 0.25 to 1 
gram. The suspending solution was sterile distilled, deionised 
water. Throughout these experiments the pH of the supernatant 
remained at 8.3.
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In experiments (iv) to (vii) the chalk concentration remained the 
same at 0.25 g while the viral titre was varied over a 3-4 log 
range (Table 9). Sterile distilled, deionised water was the 
suspending solution. Throughout these experiments the pH of the 
supernatant remained at 8.3.
Table 9. Inoculum for Batch Adsorption Experiments.
B.4.3. VIRAL CONCENTRATION VARIATION.
Bacteriophage of; Inoculum Range (2ml volume)
Serratia marcescens 
Enterobacter cloacae 
K12 E coli
8.4 x 103 to 8.0 x 10^  pfu per ml
4.0 x 10s" to 1.0 x 10^  pfu per ml
2.8 x 103 to 2.0 x 107 pfu per ml
Poliovirus 1 
Echovirus 1 
Coxsackievirus B5 
Simian rotavirus
3.0 x 103 to 3.5 x 103 TCIDksc. per ml
1.6 x 10* to 3.7 x 103 TCIDoc per ml
6.5 x 101 to 1.0 x 10* TCIDoo per ml
6.5 x 10s- to 1.0 x 10^  pfu per ml
B.4.4. OTHER EXPERIMENTS.
In experiment (viii) instead of natural chalk, calcium carbonate 
(BDH Analar) was added as the substrate (0.25g). The suspending 
solution was again sterile, distilled deionised water. The pH of 
the supernatant was 8.3.
In experiment (ix) sterile groundwater was used as the suspending 
solution with 0.25g of chalk in the presence of 1.9 ml of sterile 
chalk groundwater. The pH of the supernatant was 7.4.
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B.5. COLUMN STUDIES.
B.5.1. CHALK COLUMN PREPARATION AND EXPERIMENTAL PROCEDURE.
The British Geological Survey extracted rock columns from a chalk 
aquifer site near Kings Lynn. This was accomplished using a dry 
percussion drill which forced steel tubes (U4 columns) into the 
rock bed. Tubes were then removed. Dimensions of the U4 columns 
were 10.2cm (4 inch) diameter, 45cm in length. Columns were 
extracted from depths of 4 to 23 metres.
In the laboratory these columns were extruded from the steel 
casements using a hydraulic pump and passed into PVC pipes (Osma) 
to provide a tight fitting system. In addition, a silicone 
sealant was spread around the perimeter of the chalk column as it 
was being transferred from the U4 to the PVC pipe. This was to 
ensure that no internal gaps would form around the edge of the 
column. Several such columns were prepared and left; held upright 
in a gully trap (Osma) at 4°C, until use.
5.1.1. Apparatus (Fig 7)
One chalk column, with 35cm length chalk enclosed in a 47cm 
length PVC pipe, was erected in a gully trap. At the base of the 
column a coarse (5mm) wire mesh was placed immediately beneath to 
prevent any movement of the chalk column. At the top of the PVC 
pipe just above the chalk, a 2.5cm hole was drilled and connected 
to a 4mm diameter polypropylene tube which lead to a large 
reservoir of water. This reservoir was kept filled with an 11cm 
depth of water which enabled the chalk column to maintain a 
relatively constant head of 11cm of water. The average rate of 
flow through the column was 30ml per 10 mins. This gave a
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velocity of 1.76 metres per day. This represents a slightly 
slower groundwater velocity than frequently found within chalk 
aquifers (Parker and James 1984). The velocity was calculated by 
the f ormu1a:
velocity (metres per day) = percolating volume/ cross section x 
percolating time x porosity (Dizer et al 1984).
The porosity of the chalk was taken to be 0.3 (based on results 
for the chalk aquifer in the Anglian region (Anglian Water 1985).
5.1.2. Inoculation and Sampling
All experimentation was carried out at 4°C. The column was first 
prewashed by passing through distilled water for 4 days. The 
reservoir was filled with groundwater from the nearby chalk 
groundwater source (Table 6) and allowed to percolate for 24 
hours. The inlet of water was then closed to allow the head of 
water to drain down to the level of the chalk ie the chalk 
remained saturated but had no overlaying head. The mixture of 
human enteric virus and phage was added in a 25ml volume 
(Table 10). The virus suspension was allowed to infiltrate the 
chalk for 1.5 hours before re-application of a 11cm head of 
water. Sampling commenced immediately and at regular intervals 
thereafter for 2 weeks. Samples were taken every 2 hours 
during the day. A sterile petri dish was positioned beneath 
the column in the gully trap and left for 5 mins. The 
collected water was assayed for virus titre. Overnight the 
percolated water collected in the gully trap and was assayed 
to give an average titre of virus in the composite sample.
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Table 10. Inoculum for Chalk Column Experiment.
Bacteriophage of;------------------------------
Serratia marcescens 2.3 x 10** pfu per 25 ml
K12 E coli 5 x 101-0 pfu per 25 ml
Enterobacter cloacae 10** pfu per 25 ml
Poliovirus 1 TCID«s© 3.8 x 10*3 per 25 ml
Simian rotavirus 2 x 10* pfu per 25 ml
B.5.2. ELUTION OF VIRUS FROM CHALK COLUMN.
At the end of the experiment the column was cut horizontally into 
7 equal pieces of 5cm. One 5cm piece was split horizontally to 
produce two pieces of 2.5cm. These were placed in strong 
stomacher bags and crushed with a hammer. One litre of 3 percent 
Beef Extract was added to each sample. Samples were then placed 
in a stomacher (400 Colworth) for 5 mins to allow the Beef 
Extract to penetrate all the surfaces the viruses were likely to 
have reached. The chalk was left in the Beef Extract for 1 week 
at 4°C. The Beef Extract sample was diluted and assayed.
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SECTION: C. FIELD INVESTIGATIONS. MATERIALS AND METHODS.
C.l. SITE DESCRIPTIONS AND EXPERIMENTAL PROCEDURE.
Chalk matrix whilst being very porous, transmits very 
little water because the pore diameters are so small.
Hence chalk is considered to be essentially fissure- 
flow aquifer material. All sites were unconfined chalk 
aquifers.
At each site there is a pumping borehole abstracting water from
the aquifer and pumping into public supply. The water pumped from
these boreholes was analysed for tracer organism. Observation 
(lOcm)
boreholes, 4 inchAdiameter, unlined holes, which had previously 
been drilled for hydrological observation purposes, were 
available at the Etton and Sawston sites. Piezometers, 2 inch(5cm) 
diameter holes, also previously drilled for hydrological 
observation purposes, were present at the Swaffham site. These 
were used to inject the phage directly into the aquifers.
C.1.1. PHAGE INOCULUM.
In each tracer experiment the same three bacteriophage were used:
i) Serratia marcescens bacteriophage;
ii) Enterobacter cloacae bacteriophage; and
iii) K12 Escherichia coli bacteriophage.
They were prepared and donated by the Yorkshire Water Authority. 
In the last experiment (Sawston experiment 6) MS2 coliphage was 
used, also donated by YWA.
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C.1.2. METHOD OF SAMPLING.
At each pumping station there was a sample tap which allowed a 
small volume of the pumped water abstracted from the aquifer to 
be collected for analysis. By allowing the tap to run into a 
container of known volume with an outlet at the top, a Warren 
Jones Surveyor Sampler could be connected to the container and 
automatically set to take samples at chosen intervals.
C.1.3. SAMPLES FROM INJECTION BOREHOLES.
Water samples from the observation boreholes were taken using 
Flow-Through Depth Samplers (125ml volumes). All samples were 
stored in sterile universals at 4°C until analysis.
C.1.4. ANALYSIS OF DATA.
By calculating the number of pfu per ml and the overall volume 
of water being extracted by the pumping station, an estimate of 
the total numbers of bacteriophage migrating through the chalk 
aquifer as well as the rate of migration and pattern of recovery 
could be made.
By calculating the volume of water within the observation 
boreholes and relating this to the number of pfu per ml at 
different depths an estimation of the total number of phage 
remaining in the boreholes could also be made.
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C.2. ETTON PUMPING STATION SITE.
Etton Pumping Station is situated near Beverley, Humberside. It 
is a highly uniform and exceedingly fine grained sequence of pure 
white limestones with moderate porosity (14-20 percent) yet 
extremely low intergranular permeability (<10”3m per day) (Foster 
and Milton 1974).
The section of Etton Pumping Station involved in this
investigation consisted of (Fig 8) a Pumping Station in command
of pumping boreholes 2 and 4, and observation boreholes 3e and
(U90cm")
4e. Both pumping boreholes are 36 inches Ain diameter and 70m 
deep. They are separated by a distance of 17m. Observation 
borehole 3e is 4 inches in diameter, 70m deep and 122m E.N.E. 
from pump 2. Observation borehole 4e is 4 inches in diameter, 76m 
deep and 366m E.N.E. from pump 2.
During the experiments only one of the two pumps was in 
operation. The average abstraction rate was 4.2 million ml per 
minute. Throughout all three experiments the abstracted water was 
being pumped normally into supply and it was this requirement 
which determined the pumping regime. The abstraction rate was 
thus not necessarily constant throughout each experiment. The 
bacteriological quality was consistently good and the pH remained 
around 7.5.
*and at times no pumping was in fact taking place.
C.2.1. EXPERIMENT 1. (6.12.84-10.12.84)
The three bacteriophage were injected into observation borehole 
3e (122m from the abstraction point) while pump 4 was in 
operation. The method of injection was simply pouring the tracer 
through a funnel into the borehole followed by approximately 2
70
TOP VIEW Pumping 
borehole no.4
Observation 
borehole 4e
n
Observation 
borehole 3e
Pumping f
borehole no.2
17m
122m
366m
Figure 8^ Ellon pumping station. Not to scale. 
SIDE VIEW
Pumpinq boreholes Numbers 
2 and 4.
71
litres of groundwater. Water samples were taken from the sample 
tap for pump 4 every hour for 120 hours (5 days).
C.2.2. EXPERIMENT 2. (18.12.84— 25.12.84)
The three bacteriophage were injected into observation borehole 
4e (366m from the abstraction point) while pump 4 was in 
operation. The method of injection and water sampling were as 
above. Sampling was undertaken every hour for 168 hours (7 days).
C.2.3. EXPERIMENT 3. (26.11.85-28.11.85)
The three bacteriophage were injected into observation borehole 
4e (366m from the abstraction point) while pump 2 was in 
operation. The method of injection consisted of the use of a hose 
pipe (25mm diameter) of 40m length to allow the phage to be 
inoculated directly into the borehole at a chosen depth. Again 
this was followed by 2 litres of groundwater. During this 
investigation, samples were taken from within boreholes at four 
different depths before injection and at regular intervals 
thereafter. Samples were also taken at four different depths from 
within borehole 3e (intermediate between borehole 4e and the 
pumping station) in order to investigate further the spread of 
the contaminant plume. Samples were taken from the pumping 
station every hour for 45 hours (2 days).
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C.3. SWAFFHAM PUMPING STATION.
The intergranular permeability of the chalk at this site is also 
very low (10“3 to ICr^m per day) with a porosity of 30 - 40 
percent (Anglian Water 1985). Pumping tests and dye dispersion 
tests have demonstrated that groundwater flow is mainly 
horizontal and occurs in discrete horizons in the aquifer which 
are confined between layers of lower permeability. Groundwater 
flow is greatest in the upper 20-40m of the saturated zone. Due 
to nitrate pollution of Swaffham the pumping borehole was lined 
with 20cm diameter steel casing to a depth of 75m to exclude the 
upper layer of high nitrate groundwater.
Two observation boreholes (SBH9 and SBH10) had been drilled 16.5m
from the Sawston pumping station to provide a means of monitoring
the
changes in ground water quality and flow with/depth of the
aquifer. In each borehole four 50mm diameter piezometers were
installed at several depths. The water level was 32-39m. This
unique arrangement (Fig 9) gave an ideal opportunity to perform a
time
Phage tracer experiment on the site at the same ^to investigating 
the efficacy of the steel lining on the pumping station.
The pumping borehole is 30cm in diameter and 119m deep. The pump 
was extracting water at a rate of 0.3 million ml per minute 
during the experiment. The water was of good microbial and 
chemical quality providing potable water to the Swaffham 
population.
C.3.1. EXPERIMENT 4. (4.3.86-18.4.86)
The three bacteriophage were injected into three different 
piezometers at depths described in the table below.
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Table 11. Inoculum for Swaffham Experiment 4.
Depth Bacteriophage:
53m Enterobacter cloacae
75m K12 E coli
115m Serratia marcescens
The method of injection was the same as that employed in 
experiment 1. Samples were taken from within the piezometers for 
analysis after injection of tracer bacteriophage. Samples were 
taken from the pumping station at regular intervals for 1080 
hours (6.5 weeks).
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C.4. SAWSTON PUMPING STATION.
This study area lies in a chalk river valley. Drift deposits 
consisting of sands, clays and gravels some 2-7m thick overlie 
middle lower chalk. Gault clay forms an impermeable base to the 
chalk aquifer. The chalk aquifer, with porosity of 30-40 percent, 
is unconfined and the water-table fluctuates within the drift 
deposits. The drift probably acts as a minor aquifer although the 
quantities of water transmitted in comparison to those within the 
chalk would be very small.
Geophysical logging of boreholes 8 and 11 indicated that major 
ground water movement is restricted to the upper two thirds of 
the aquifer. Groundwater flow is in a north-western direction and 
velocities are assumed to be in the range 10-20m per day. The 
water at this site had been seriously contaminated by a solvent 
and thus it was no longer being pumped into the supply system. 
However, during this experiment water was still being pumped at 
the usual rate 2.3 million ml per minute.
In addition to the pumping station, two observation boreholes
were involved in this investigation (Fig 10). Both boreholes were 
4 inches in diameter. Borehole 8 was approximately 1km distance, 
and borehole 11 was 50m distance from the pumping station.
C.4.1. EXPERIMENT 5. (29.4.86-16.10.86)
The three bacteriophage were injected into borehole 8 using a
25mm hose pipe and thorough flushing. Each phage was injected at
a different depth :
7 6
1km
50m
D 4. BoreholePumping Station n0j  \
Water Table
Groundwater
Flow
Figure lQ . Sawston pumping sta tion. Not to scale.
7 7
- ►
Borenole 
No.8
50m
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Table 12. Inoculum for Sawston Experiment 5.
Depth Bacteriophage:
15m Enterobacter cloacae
38m Serratia marcescens
44m K12 coliphage
Samples were taken from within this borehole after phage 
injection on two separate occasions. Samples were taken by the 
Warren Jones unit every hour in four hourly composites, for 4080 
hours (6 months).
C.4.2. EXPERIMENT 6. (29.4,86.-16.10.86)
MS2 coliphage was injected into borehole 11 by use of a hose at a 
depth of 15m. The sampling routine was as for experiment 5.
Serratia marcescens bacteriophage was also injected into this 
borehole at a depth of 15m (date 20.2.87). This time samples were 
taken from the pumping station every 5 minutes after injection 
for 2 hours and then every 10 minutes for one hour.
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SECTION: D. LABORATORY INVESTIGATIONS. RESULTS AND DISCUSSION.
D.l. SURVIVAL STUDIES. RESULTS AND DISCUSSION.
D.1.1. SURVIVAL CHAMBER CHARACTERISTICS
Certain properties of the novel membrane (nylon66, Pall) had to 
be ascertained before survival investigations could be performed 
with the survival chambers. A comparison of solute transfer was 
performed on both the nylon and dialysis tubing. The amount of 
virus adsorbing to the membrane and survival chamber walls was 
also investigated.
1.1.1. Solute Transfer Experiment.
The compounds investigated were: KC1, NaCI, MgSCL and CaCCb 
(common minerals and salts in groundwater), phenol red and 
methylene blue (two common dyes with larger molecular weights:
321 and 459.5 respectively). The procedure for all six 
experiments may be found in Appendix 4 and the rates of solute 
transfer across the two membranes are depicted in Figures 11-14.
The rate of methylene blue transfer was slower across the nylon 
membrane than across the dialysis tubing, however the difference 
was very slight. Apart from the methylene blue transfer all other 
compounds diffused across the nylon membrane at a significantly 
faster rate than found for the dialysis tubing. This suggests 
that many low molecular weight solutes within groundwater will be 
able to diffuse into the survival chambers using this new 
membrane at a similar or even faster rate than for that of 
dialysis tubing.
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Figure 11 . Transfer of KCl and NaCI Across Two Membranes.
F i gure 12 , Transfer of MgSC4 and CaC03 Acro%9 Two Memoranes
TIME (hours)
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Figure 1 3 . Tronsfer of Methylene Blue across Two Membranes.
Figure 14 . Transfer of Phenol Red Across Two Membranes.
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An experiment to investigate the adsorbtion of the viruses 
included in this study, to the internal survival chamber and 
membrane surfaces was performed. The procedure may be found In 
Appendix 4 and the results are shown in Table 13.
Table 13. Adsorption of Viruses to Internal Survival Chamber 
Surfaces and Nylon Membrane.
1.1.2. Membrane Adsorption Experiment.
Time of 
Contact 
(Hours)
Percentage of Original Inoculum Recovered by 
Elution with 3% Beef Extract following Contact 
and Washing.
Bacteriophage*
K12 SM Ent Erw B. 1 Poliovirus
2 <0.1 0.2 1.0 0.02 <0,6 0.1
12 0.2 0.2 2.0 <0.002 <0.6 0.1
24 <0.2 0.2 1.3 0.02 <0.6 0.1
* Where K12 represents K12 coliphage. SM = Serratia marcescens
phage, Ent == Enterobacter cloacae phage , Erw “ Erwinia carotovora
phage and B .1 = Bacillus 1icheniformis phage.
A small proportion of the viral populations, 0.1 percent of 
poliovirus and between 2 and 0.02 percent of bacteriophage, 
adsorbed to the survival chambers and membrane surfaces. These 
values were approximately the same whether the contact time was 
2, 12 or 24 hours. LaBelle and Gerba (1980), who performed a 
similar experiment with enteroviruses in dialysis tubing and 
survival chambers with polycarbonate membrane walls, observed 
that the number of viruses eluted within several time points over 
48 hours varied from 0.6 to 1.9 percent. With these results they 
concluded that the amount of virus adsorbing to the membranes was
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not significant to effect virus survival calculations. From this 
it may be assumed that the nylon membrane and survival chamber 
surfaces included in this investigation also would not 
significantly affect viral survival results. Nevertheless, in 
order to completely rule out any adsorption effects on 
experimental results, survival chambers plus viral inoculum were 
allowed to stand for at least two hours before the first samples 
were taken.
The survival chambers containing nylon membranes allowed adequate 
transfer of solutes through it yet did not adsorb a significant 
proportion of the viral population. Furthermore the membrane 
possessed the added advantage of being non-biodegradable and 
autoclavable. Such membranes were, therefore, considered suitable 
for testing decay rates of bacteriophage suspended within 
groundwater and human enteric viruses in laboratory conditions.
D.2.2. SURVIVAL EXPERIMENT RESULTS
There is a noticeable variation in decay rate observed for the 
different techniques employed (Table 14). The survival chambers 
in the field and the ten litre container of non-sterile 
groundwater produced faster decay rates than the survival 
chambers in laboratory simulated groundwater conditions. Three of 
the bacteriophage investigated had faster decay rates within the 
in~situ survival chambers in comparison with the ten litre flask 
conditions. However one bacteriophage was inactivated more 
rapidly within the laboratory container.
Within the laboratory survival chambers all five bacteriophage 
examined produced a lower decay rate than the pathogenic viruses.
8 3
Table 14. Survival of Viruses in Groundwater at 10°C, Experimental Results.
DECAY RATE PER DAY?
Lab Survival Chamber Fieli 
(1368 hrs)
i Survival Chamber 
(1853 hrs)
Ten Litre Flask 
(1850 hrs)
Bacteriophage of;
S marcescens 
Probability (p)
-0,0115 
(0,05) p >0,02)
E coli K12 
Probability Ip)
-0,0142
(0.01) p >0,001)
-0,051
(p <0,0015
-0.0368 
(0.0i> p >0,001)
E cloacae 
Probability (p)
-0.0016 
(p >0,1)
-0.041
{p <0,001)
-0,0039
(p >0,1)
Erwinia carotovor 
Probability (p)
a -0,00262
(p >0.1)
-0,035 
(0.01) p >0.0015
-0,051
(0,01> p >0.001)
Bacillus lichenif 
Probability (p)
oniis -0,01997
{p <0,001)
-0.040
(p <0,001?
-0,022 
(p <0,001)
Poliovirus i 
Probability (p)
-0,0315
(p <0,001)
-0,078 
CO.01> p >0.001)
Echovirus 1 
Probability (p)
-0,0343
(0.01) p >0.001)
Coxsackievirus B5 
Probability (d )
i -0.024
(p >0.1)
Simian rotavirus 
Probability (p)
-0,0599 
(0.0i> p >0,001)
(IDecay Rate expressed ass logi0 Nt/No? where Nt equals concentration of
viruses after 24 hours and No equals the initial concentration)
Figure 15. Survival of Viruses
in labo ra to ry  su rv iva l c h a m b e rs
Simian rotavirus
Time (days)
Figure 16. Survival of Viruses
in laboratory survival chambers
Oio
Figure 17. Survival of Viruses
in laboratory survival chambers
E
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Figure 18L. Survival o f V iruses
in loborotory survival chambers.
E
\oin©
Oio
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Figure 19. Survival o f  fou r  bacter iophage
in field survival chambers.
Figure 20. Survival of Viruses
in laboratory conditions.
E 5 H
D K l2  coliphage
X E. cloacae phage
a Erw. co ro to vara phage
*  B lioheniformis phage
0 Poliovirus 1lSc
Table 15. Survival of Viruses in Groundwater. Literature Review. 
(Adapted from Gerba and Bitton 84).
VIRUS * DECAY 
RATE PER DAY
REFERENCE
Poliovirus 1
Echovirus 1 
Coxsackievirus B3 
Rotavirus SA-11 
Coliphage T7 
Coliphage f2
Coliphage MS2
0.046
0.21
0.162
0.164
0.19
0.36
0.15
1.42
0.39
0.14
Bitton et al Q83a)
10Keswick et al (A82a) 
Yates et al (A85)++
" " ++ 
Keswick et al (A82a)
10Niemi L76)
Bitton et al (A83a)
10Keswick et al (A82a) 
+0Yates et al (.85)++
(* As logic Nte / No, where Nt equals concentration of organisms 
after 24 hours and No equals the initial concentration of 
organisms).
++ Mean inactivation rate, taken from 11 groundwater samples.
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In order of decay, the simian rotavirus had the greatest decay 
rate, expressed as log.io Nt / No (where Nt equals concentration 
of organisms after 24 hours and No equals the initial 
concentration of organisms). This was followed hy echovirus 1 
(-0.0343), poliovirus 1, and coxsackievirus B5 (-0.024), then the 
bacteriophage of; Bacillus licheniformis, KX2 E. coli, Serratia 
marcescens, Erwinia carotovora and finally Enterobacter cloacae 
phage (Table 14, Fig 15-18). Keswick et al (1982a) also found SA- 
11 rotavirus to have the greatest decay rate in comparison with 
other human enteric viruses and bacteriophage (Table 15).
The reason for the higher decay rates found for the 
enteroviraceae may conceivably be due to an extremely slow 
leakage of the viruses from out of the chamber. Nylon membrane 
pore size was 40nm and the diameter size of enteroviruses is 
27nm. Such a slow diffusion rate across the membrane would be 
difficult to detect. Indeed no viruses were found in the external 
groundwater (10 litres) of the laboratory survival chamber 
experiment throughout the investigation, although the high 
dilution factor would be such as to prevent detection of low 
level leakage. However, the decay rate of poliovirus and 
bacteriophage found in the laboratory flask conditions allowed a 
direct comparison to be made (Fig 20). This experiment produced 
the same trend as for the laboratory survival chambers, all four 
bacteriophage included in this experiment were more stable than 
the poliovirus. Furthermore the decay rate found in the 
laboratory container was significantly greater than that found in 
the laboratory survival chambers, suggesting that the latter 
results for the enterovirus do indicate decay rather than 
leakage. However before ever considering their use in the field
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it would be advisable to investigate the potential for 
enteroviral leakage more thoroughly. Even if diffusion of the 
enterovirus across the nylon membrane did occur, the results 
reveal that nevertheless they survive a considerable time within 
these conditions and that all three viruses, poliovirus, 
echovirus and coxsackievirus possessed very similar survival 
properties.
Comparing the human enteric virus results with all those found in 
the literature (Table 15) it can be seen that the laboratory 
survival chambers produced smaller decay rates than previously 
found. Although the decay rate found for poliovirus within the 
laboratory survival chambers (-0.0315) was only slightly smaller 
than that found by one other study (Bitton et al 1983a) which was 
-0.046.
experienced
Erw carotovora phage a  a greater decay rate in the ten
litre container than for the field survival chambers. However 
this difference was not as great for those results for the phage 
affected by the field survival chambers. The Ent cloacae phage, 
K12 coliphage and the B 1icheniformis phage produced a 
significantly different decay rate in the field than in the 
laboratory survival chambers (Fig 15-19). The effect of this was 
particularly marked on the Ent cloacae phage, for which the decay 
rate increased from -0.0016 (laboratory) to -0.041 (field).
The field survival chambers were suspended in a rapid flow of 
groundwater exposing the viruses to a constant variation of 
physical and chemical parameters. The greater decay rates found 
in the in-situ survival chambers suggests that it is the constant 
changing of the environment which produces this effect. The 
laboratory survival chambers were suspended in immobile
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groundwater indicating the possible conservative estimation of 
viral decay found in these chambers.
The laboratory flask conditions consisted of ten litres of non- 
sterile groundwater. This large body of water was employed to 
include any microbial antagonistic effects which can not directly 
participate in the survival chamber experiments due to the small 
pore size of the chamber membrane. However the laboratory flask 
container did not have a variation in chemical and physical 
conditions as found in the survival chambers. The same 10 litres 
of water was employed throughout the 11 weeks of the experiment. 
In addition, the bacterial population increased over this period 
(Table 16) indicating that a rather ar-tificial environment had 
been created. The difference in decay rates between survival 
chambers and laboratory flask container can not, therefore, be 
directly related to microbial antagonism. However, it does 
suggest that traditional flask survival investigations are more 
accurate than laboratory survival chamber experiments for 
estimating viral decay and that the in-situ survival chambers are 
an even more accurate estimation, than the flask laboratory 
conditions, due to their responsiveness to the environmental 
changes.
Table 16. Bacterial Counts Taken from the Laboratory Ten Litre
Flask During Survival Investigation.
Time (Days) Colony Forming 
(22°C after 72
Units per ml 
hours)
0 20
34 5500
57 15000
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In all experiments the decay rates were exceptionally small 
suggesting that bacteriophage and human enteric viruses survive a 
considerable time in chalk groundwater. Furthermore, all the 
bacteriophage examined in this investigation survived longer than 
the human enteric viruses in both traditional flask experiments 
and survival chambers.
D.2. ADSORPTION STUDIES. RESULTS AND DISCUSSION.
Adsorption isotherms were constructed from data obtained from 
batch adsorption experiments on a group of seven viruses in the 
presence of challt and calcium carbonate in distilled, deionised 
water and groundwater.
D.2.1. ADSORPTION WITH TIME.
Before batch experiments were performed it was necessary to 
investigate viral adsorption to chalk with respect to time. The 
method of investigation was slightly different to that described 
in section B.4.1. and can be found in Appendix 5. These 
experiments were performed on poliovirus and S marcescens 
bacteriophage.
As can be seen from figures 21 and 22, adsorption was rapid in 
both cases with 99.7 percent of poliovirus adsorbed after only 20 
minutes and reaching a plateau within 60 minutes. This was 
similar to the results obtained by Moore et al (1981) with 
poliovirus in sand, where 70 percent was adsorbed after 15 
minutes and a plateau reached at 60 minutes. The rate of 
adsorption of S marcescens bacteriophage was equally impressive 
with apparently 100 percent of virus adsorbed within 40 minutes.
A time interval of 60 minutes was therefore considered sufficient 
to allow virtually all adsorption to take place.
D.2.2. CONSTANT CONCENTRATION OF VIRUS AND VARIED CONCENTRATION 
OF SUBSTRATE.
In all experiments, one gram of ground chalk (<0.25mm) was 
sufficient to adsorb over 99 percent of the virus in solution 
(Table 17). For 0.25 grams the percentage varied between
92
Figure 21. Adsorption of Poliovirus to chalk 
with time at 4°C.
Figure 22. Adsorption of Serratia marcescens 
phage to chalk with time at 4°C.
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Table 17. Adsorption of Different Viruses to Chalk and Calcium
Carbonate.
(Expressed as a percentage of the control result).
Solution (2 si): DEIONISED WATER DEIONISED WATER GROUNDWATER
Adsorbent Type : CHALK CaCOs CHALK
Experiment : (i) (ii) (iii) (viii) (ix)
and Concentration : 1 gram. 0.5 gram. 0.25 gram. 0,25 gram. 0.25 gram,
Bacteriophage of;
S marcescens 99.9B 99.76 99.35 98.71 99,55
(8xl06pfu/ml)
K12 E coli 99,99 99.96 99.412 97.93 96,01
(7xl06pfu/ml)
Ent cloacae 99.97 99,83 97.83 43.94 97,64
(ixI06pfu/inl)
Poliovirus 1 99,96 99,80 99,35 99,93 99,32
(4x 105TCID5O)
Echovirus 1 99,40 99,54 99,16 93,46 33,97
(4xl03TCID5O/(i!l)
Coxsackievirus B5 99,65 99,77 99.42 98,04 97,23
(ixl04TCIDsO/il)
Simian rotavirus 100 99,57 93.04 86,50 98,07
{lxi04pfu/ii)
different organisms. Only 97.83 percent of Ent cloacae phage and 
93.04 percent of SA-11 rotavirus was adsorbed. While the 
remaining enteric viruses and bacteriophage had consistently 99.1 
to 99.4 percent of their populations adsorbed.
An increase in chalk concentration produced, as expected, an 
increase in viral adsorption (Fig 23 and 24). However 100 percent 
adsorption was rarely achieved (apart from in the case of SA-11 
rotavirus where the low initial titre may have contributed to the
result by virtue of detection limits).
A greater variation was observed for the calcium carbonate and
groundwater adsorption experiments. Apart from poliovirus, which
remained relatively stable for all experiments (99.3 to 99.9 
percent), there was a significant reduction in the percentage 
adsorbed to the calcium carbonate substrate. Only 43.9 percent of 
the Ent cloacae phage and 86.5 percent of the rotavirus adsorbed 
to 0.25 g of calcium carbonate. The main composition of chalk is 
CaC0.3 suggesting that impurities within chalk may increase viral 
adsorption and that it is not just the cross-linkages between 
calcium ions, described in section A.3.2., which promote 
adsorption for certain viruses. Even so, calcium carbonate still 
adsorbed a high percentage of the majority of viruses in this 
study.
Adsorption was also affected by the aqueous solution used. Only 
33.9 percent of echovirus was adsorbed by 0.25g of chalk in 
groundwater and reduced adsorption was found for K12 coliphage. 
The other organisms were not as significantly influenced. Viruses 
have low pi values and are, therefore, negatively charged at 
neutral pH. An increase in pH would increase this negative charge
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Figure 23. Influence of chalk concentration on 
viral adsorption. The amount of substrate varied 
(0.25g to lg); virus concentration was constant 
Adsorption was for Ihr at 4°C.
^.marcaKam P^ oq*
K12 collpRoq* 
Poloriru* ILSc 
Echo virus 1 
CoKSQckWvirus BS
Figure 24. Influence of chalk concentration on 
viral adsorption. The amount of substrate varied 
(0.25g to lg); virus concentration was constant. 
Adsorption was for lhr at 4°C.
C cloacae phoqe 
Simion Rotavirus
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and favour free virus as oppossed to adsorbed virus. The reason 
for a reduction in adsorption occurring in groundwater (pH 7.4) 
in comparison with distilled deionised water (pH 8.3) can not be 
explained, therefore, by its pH value alone. Cations promote 
adsorption, however anions (negatively charged particles) 
decrease the amount of adsorption. Organic material may compete 
for adsorption sites with viruses thus decreasing adsorption. 
Either of these agents present in the groundwater may have been 
responsible for producing the decrease in adsorption observed.
D.2.3. CONSTANT CONCENTRATION OF CHALK AND VARIED CONCENTRATION 
OF VIRUS.
As viral concentration increased, the number of viruses which 
adsorbed to 0.25g of the chalk also increased, producing a linear 
plot (Fig 25). However, even at the higher viral concentrations, 
saturation of the chalk ie formation of a plateau, did not occur. 
This is probably due to the fact that viral concentrations were 
not sufficiently high to actually saturate all available sites 
for adsorption to the chalk surface.
D .2.4. ADSORPTION ISOTHERMS.
Figures 26-32 show the logarithm of concentration of viruses 
adsorbed per gram of challc versus the titre of viruses in 
solution per ml (Freundlich plot). The graph representing the 
results of the Ent cloacae phage (Fig 28) appears to produce a 
non-linear plot and approaches an 'Adsorption-limit' at the high 
solute concentrations. Plots for the other viruses did not 
exhibit distinct adsorption maxima. K12 coliphage, if anything, 
produces an S shaped plot (Fig 27) while the S marcescens phage,
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.Figure 25^  Influence of viral concentration on 
adsorption to chalk. The amount of substrate was 
constant (0.25g); viral concentration varied. 
Adsorption was for lhr at 4°C.
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poliovirus and rotavirus are more linear.
Adsorption isotherm equations were fitted for both Langmuir and 
Freundlich expressions (Table 18 and 19). Echovirus and 
coxsackievirus (Fig 31 and 32) did not fit either of the models 
particularly well; in each case the data did not range 
sufficiently for comprehensive analysis. S. marcescens 
bacteriophage and the simian rotavirus fitted both plots well 
(see correlation coefficient 'r* Table 18 and 19). The best fit 
for Poliovirus and K12 coliphage was the Freundlich isotherm and 
for the Ent cloacae phage the Langmuir isotherm.
As previously mentioned (section A.3.2) the constant 'b' in the 
Freundlich expression represents the slope of the isotherm and 
log*© 'a' represents the intercept of the y axis and can be 
taken as an adsorption coefficient for low concentrations of 
virus. The greater the 'b' value the greater the importance of 
increased viral concentration on the rate of adsorption. For 
example K12 coliphage will have strong adsorption at high 
concentrations of virus but proportionately less adsorption at 
lower concentrations. The same will apply to poliovirus and Ent 
cloacae phage. However, the increase of adsorption will not 
increase with concentration to the same degree. The Freundlich 
plots also reveal that although viruses may have similar 1b' 
parameters, the greater the distance the plots are from the x- 
axis, the more adsorption will take place. Note that poliovirus 
and Ent cloacae phage have slightly lower adsorption coefficients 
(log*© a and log*o kq (Table 19)) and therefore adsorb less 
strongly to chalk than the K12 coliphage and S marcescens phage, 
the rotavirus adsorbed very weakly in comparison.
10 1
Table 18. Adsorption Isotherm Parameters. Freundlich P lot.
Bacteriophage of; r log*o a b
S marcescens 0.97 4.27 0.76
E coli K12 0.90 4.35 0.80
Ent cloacae 0.87 4.17 0.55
Poliovirus 1 0.84 4.20 0.53
Echovirus 1 0.62 2.81 0.65
Coxsackievirus B5 0.36 3.54 0.47
Simian rotavirus 0.94 2.80 0.73
Where logic (Na/m) « logioa + b log*,;. (Ns/v) .
Table 19. Adsorption Isotherm Parameters. Langmuir Plot.
•x
Bacteriophage of: r q k log.to kq
S marcescens 0.95 3.6x10"-" 1.75x10“-* 3.80
E coli K12 0.73 8.8x10^ 6 .5Xio-o 3.76
Ent cloacae 0.97 3.0x10* 2. 0x10”'“* 2.78
Poliovirus 1 0.60 5.5x10“* 5 .4x10“3 3.47
Echovirus 1 0 .56 1. 6x103 l o CJl -o 2.96
Coxsackievirus B5 0 .56 2.7x10* 0.035 2.98
Simian rotavirus 0.94 5.1x10* 9 . 6x1 O'"'3 2.69
Where (Ns/v)/(Na/m) - Cl/kq) + (1/q)(Ns/v)
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The Langmuir isotherm constant 'q' is identified with the amount 
required to form a monolayer ie the concentration of virus which 
saturates all available sites for adsorption on one gram of 
chalk. The surface area of chalk to mass has been estimated as 
Inf3 per gram (Kinnunburg 1987) . From this data the surface area 
of the chalk actually involved with adsorbing viruses can be 
calculated (Table 20).
Ent cloacae phage yielded an isotherm with the strongest 
suggestion of saturation (Fig 2$). Nevertheless an estimation of 
the percentage of chalk available for adsorption for each virus, 
based on the Langmuir ’ q' values (with the exception of echovirus 
and coxsackievirus), was still considered valuable.
Luria et al (1951) found that there was a good degree of 
correlation between the activity titres (pfu obtained by the soft 
agar overlay method) and the numbers of characteristic virus 
particles for several coliphages of the T group, with ratios 
between 1.4 and 0.4. Assuming that those phage employed here 
allow the same accuracy of detection, then the above figures can 
be used to estimate the proportion of chalk surface involved in 
adsorption. The tissue culture technique, however, is not as 
sensitive. Moore et al (1981) took one pfu of poliovirus as 
representing between 50 to 100 viral particles.
The number of virus particles adsorbed at saturation point varied 
from 3x10* (Ent cloacae phage) to 8.8x10"' (K12 coliphage) . The 
percentage of available chalk surface area actually involved in 
adsorbing virus varied from 1.7xlO“S5 (K12 coliphage) to 8x10™^ 
percent (Ent cloacae phage).
1 0 3
Table 20. Apparent Surface Saturation. Langsiuir Analysis,
Virus Adsorbed at 
Adsorption-LifTiit, 
(q)
pfu per s L
OlTfi <  o  /Jl
Area of Viral 
Particle,
nm2
Total Area of 
Viruses,
nm2
Proportion of Chalk 
Involved Kith
Adsorption,
*/it
Bacteriophage of;
S marcescens 3.6xl07 2,2xi03 7,8xl010 7,8x10"*
E coll K12 8,8xl07 2,2xl03 1.9x10“ 1.9xl0"s
Ent cloacae 3,0x10* I 4«3xl03 
5,6xl03
l.SxlO10
i=7xl010
1.3x10"*
1.7x10-*
Poliovirus 1 5,5x10s 7.8xl02 $$2,2x1010 
4.3:: 1010
2,2x10-*
4,3x10"*
Rotavirus s.ixio4 4,3xl03 ++l.lxi0‘°
2,2xi0iO
1,1x10-*
2.2x10“*
f Upper value has been calculated from longitudinal dimensions of i 
Ent cloacae phaqe : LoKer value taken from vertical dimensions,
Taking 1 TCID50 to represent 50 or 100 poliovirus particles, 
++ Taking 1 ptu of rotavirus to represent 50 or 100 particles,
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Moore et al (1981) performed a similar experiment to this with 
poliovirus and Ottawa sand. From their Langmuir analysis an 
apparent surface saturation of 2,3xl0:to particles per mg was 
found, covering approximately 1 percent of the total surface of 
the sand. This represents a much higher proportion of surface 
coverage. Lo and Sproul (1977), on the other hand, estimated that 
between 6.7x10"'"-' percent and 9.7xlO™Ei percent of silicate 
minerals were covered by poliovirus adsorption.
Even though the proportion of chalk surface area involved in 
viral adsorption is small the massive surface areas present 
within chalk aquifers would mean that chalk aquifers will have 
enormous capacity for viral adsorption and are unlikely to become 
saturated in natural systems.
Both Langmuir and Freundlich adsorption isotherms have been 
applied to other data on viruses and various substrates (Vilker 
and Burge 1980, Moore et al 1981). Saturation limited adsorption 
was demonstrated at high virus concentration for T4 coliphage to 
granular activated carbon and for <bX174 coliphage to Kranzburg 
silt loam soil. The majority of data, however, as in this 
experiment, did not provide evidence of saturation.
io5
D.3. CHALK COLUMN STUDIES. RESULTS AND DISCUSSION.
Three bacteriophage and two enteric viruses were allowed to 
percolate through a chalk column, under saturated conditions, 
using chalk groundwater at 4°C.
In all cases the pattern of viral migration through the chalk
column i\eV, detection of viruses within the percolate, was/\ < \
similar (Fig 33-37). The highest numbers detected were observed 
very early in the experiment. Apart from the rotavirus (where the 
original inoculum was too low to allow a more detailed analysis), 
the organisms produced a tail of significant numbers throughout 
the remaining period of sampling (2 weeks). This tail did not 
decrease rapidly at any one point; numbers remained at a 
relatively constant level.
The investigation of elutable virus distribution within the chalk 
column after the percolation experiment (Fig 38-40), showed that, 
with the exception of the 10-15cm horizon, there was a relatively 
even distribution of the bacteriophage throughout the column. In 
previous column experiments for sand and soil (Dizer et al 1984, 
Lance and Gerba 1984a) viruses were reported to have remained 
within the upper layers of the column.
Because of the inhibitory effect of the eluent on the tissue cell
layer (due to high bacterial contamination) a more comprehensive 
estimation of poliovirus remaining with the chalk column could 
not be obtained although an estimate was made. No simian
rotavirus were detected within the eluent at all, again, probably
due to the lower original inoculum and less sensitive tissue 
culture detection system.
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Figure 33. Recovery pattern of Serratia marcescens 
phage percolating through a chalk column. Over a 
2 week period at 4°c.
Figure 34. Recovery pattern of Poliovirus 
percolating through a chalk column.
Over a 2 week period at 4°c.
Figure 35, Recovery pattern of SA-11 rotavirus 
percolating through a chalk column. Over a 
2 week period at 4°c.
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Figure 36, Recovery pattern of K12 coliphage 
percolating through a chalk column. Over a 2 week period at 4°c.
Figure 37. Recovery pattern of Enterobacter 
glpacae Phasre percolating through a chalk column. Over a 2 week period at 4°c.
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Figure 38. Distribution of. elutable Serratia 
marcescens phage within a chalk column at 4°C.
Depth (cm )
Figure 39. Distribution of elutable K12 coliphage 
within a chalk column at 4°C.
Depth (cm )
Figure 40. Distribution of elutable Enterbacter 
cloacae phage within a chalk column at 4tJC.
These results highlight the properties of the chalk column, as a 
fractured porous matrix. The immediate breakthrough of virus 
represents that fraction of organisms which percolated through 
the column via one or more fissures, thus having little contact 
with the rock matrix. The delayed virus percolating in lower 
numbers at a later date were those organisms which came in 
contact with the chalk matrix. The constant tail and even 
distribution of the viruses within the column are highly 
suggestive of more than simple dispersion effects within the rock 
delaying viral migration. These observations, quite strongly, 
suggest the operation of diffusion and adsorption phenomena.
Diffusion, the movement of particles from an area of high 
concentration to low, would delay the organisms from the direct 
route of the fissure water and expose the virus to a considerably 
larger- area of chalk surface. Adsorption of the viruses would 
then occur. Adsorption physically removes the viruses from the 
groundwater flow. However, desorption may also occur as the viral 
concentration within the solution changes. Murray and Parks 
(1980) observed that for poliovirus adsorption to metal surfaces, 
most of the reactions were reversible.
The tail therefore is a function of i) diffusion, delaying 
viruses from the average groundwater velocity and ii) adsorption 
/desorption which removes viruses from the groundwater flow for 
at least a short period of time.
It is possible that if this experiment had been continued, the 
virus would have eventually been totally eluted. Those remaining 
within the column would then represent viral delay rather than 
viral removal. However the results of the ratio of percolated
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viruses to eluted viruses from the column and the actual recovery 
pattern of viruses from the percolate can still be used to 
indicate the influence of diffusion /adsorption effects for each 
virus.
Looking at the recovery patterns a little more closely, it can be 
seen that the Ent cloacae phage produced a very stable tail. This 
suggests that the rate of desorption is more stable for this 
organism than it is for the other viruses under study. The 
percolating groundwater produces a constantly changing 
environment affecting the rate of adsorption/desorption.
Tables 21 and 22 demonstrate the differences between the 
distribution of the viruses in the experiment. The ( percentage of 
original inoculum which percolated through the column and the 
percentage which was found in the eluent was calculated. The 
percentage of the total numbers of viruses recovered throughout 
the experiment was also found for the percolate and eluent data. 
For all five viruses the percentage of original inoculum 
detected in the percolate varied from 36 to 67 percent. K12 
coliphage produced the smallest percentage and the Ent cloacae 
Phage produced the highest. 61 percent of the original inoculum 
of poliovirus was detected in the percolate. Taking the results 
as a percentage of the total number of virus found in the 
percolate plus total number of elutable viruses found within the 
chalk column, it appears that 90 to 95 percent of the
bacteriophage were found in the percolate. Suggesting that the
\highest proportion of viruses achieved transportation through!: heL--
column. This ratio of viruses found in the percolate to viruses 
remaining within the column may be distorted as the efficiency of 
eluting viruses from solids has been found to be less than 100
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Table 21. Recovery of Viruses Percolating through a Chalk Column.
Titre Recovered 
from Percolate 
(total pfu).
Bacteriophage of;
Percentage 
of Original 
Inoculum.
* Ratio
Serratia marcescens 1.06 x 10** 46 95
K12 E coli 2.06 x 1010 36 90
Enterobacter cloacae 8.08 x 10° 67 94
Poliovirus 1 2.3 x 10° 61 35-97.5
Simian rotavirus 1.1 x 10*’ 57
* Ratio: Recovered viruses from the percolate taken as a 
percentage of the total number of viruses found in the percolate 
plus total number of elutable viruses found within the chalk 
column.
Table 22. Distribution of Elutable Viruses Within a Chalk Column
Titre of Viruses 
Eluted from Column 
(total pfu).
Percentage 
of Original 
Inoculum.
** Ratio
Bacteriophage of;
Serratia marcescens 5.6 x 10* 1.5 5
K12 E coli 2.3 x 10** 4 10
Enterobacter cloacae 5.5 x 10"* 4.5 6
Poliovirus 1 6 x 10*-4 x 10<a 1.6-115 2.5-65
Simian rotavirus Not Detected
** Ratio: Elutable viruses from within the column taken as a 
percentage of the total number of viruses found in the percolate 
plus total number of elutable viruses found within the chalk 
column.
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percent effective (Berg and Dahling 1980)
The differences in percentages found for the different viruses 
in this experiment is probably not significant due to the 
variation which may be expected in the assay procedure, which has 
been found to possess a 22.6 percent coefficient of variation 
(Section B.1.5), and the unknown efficiency of eluent method of 
recovery. The pattern of recovery and distribution within the 
column does, nevertheless indicate viral behaviour quite clearly. 
All viruses behaved in a very similar manner.
In this investigation a high percentage of all five viral 
populations studied migrated through the 35cm length chalk column 
within two weeks (from 36-67 percent of original inoculum or 
90-95 percent of total number of viruses recovered). The highest 
peak of viruses recovered from the percolate arrived 
immediately after the addition of the inoculum and was followed 
by a significant tail of migrating viruses. Those viruses 
remaining within the chalk columns were fairly evenly 
distributed throughout the different depths. The majority of 
virus apparently managed to migrate through the chalk column 
rapidly but a significant percentage of the population 
remained within the chalk (1.5-4.5 percent of original inoculum 
or 5-10 percent of total number of viruses recovered).
l lB
D .5 LABORATORY INVESTIGATIONS. DISCUSSION.
Decay rates observed for the viruses suspended within 
groundwater varied according to the method of investigation. 
Whatever the method, however, it was found that viruses survived 
extremely well in groundwater at 10°C. In field survival 
chambers, the time required to reduce the original inoculum of 
bacteriophage by one logs.o unit was as long as 4 and 3.5 weeks 
for Erw carotovora and Ent cloacae phage respectively. And in 
laboratory flask conditions, poliovirus 1 took almost two weeks 
to decrease in titre by one logio unit. Laboratory survival 
chambers gave even greater indications of viral survival.
Regardless of method used (laboratory survival chambers or 
laboratory flask conditions) all bacteriophage results indicated 
lower decay rates than that of the human enteric viruses which 
could be taken to indicate that any of the bacteriophage included 
in this investigation could be used as models of pathogenic viral 
behaviour at groundwater sites because this represents a 'worst 
case' situation. Overall the Ent cloacae phage demonstrated 
greatest persistence.
Little correlation was observed between survival characteristics 
and the morphological properties of the viruses. The S marcescens 
phage is the most structually similar to the enteroviruses (a 
50nm diameter icosahedral head with very small tail (Plate 1, 
Appendix 2)). Yet it was the B 1icheniformis phage, in the 
laboratory survival chambers which demonstrated the greatest 
decay rate for the bacteriophage and this virus possesses a 70nm 
diameter octahedral head with a long contractile tail of 150nm 
(Plate 5). The only other bacteriophage tested which possessed a
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tail was the Ent cloacae phage, which had the smallest decay 
rate. This suggests that size and shape of the viruses has little 
impact on survival characteristics. It is just possible that the 
reason for Ent cloacae phage having a much greater decay rate 
within the field survival chambers than in the laboratory tests 
is related to the constant flow of groundwater which may have 
physically altered its tail and thereby reduced its infectivity.
The batch adsorption results indicated that a high proportion of 
each tested virus population adsorbed well to chalk: more than 99 
percent to one gram of chalk suspended within distilled, 
deionised water after one hour. The percentage varied when the 
suspended medium was changed to sterile, chalk groundwater. This 
introduced unquantifiable variables to the system which clearly 
reduced the amount of adsorption taking place.
Less adsorption was also observed with 0.25 grams of calcium 
carbonate than with 0.25 grams of chalk, in distilled, deionised 
water. This suggests that adsorption with chalk involves more 
than just salt bridges formed by the Ca++ ions. Probably weak van 
der Waals forces also come into play.
From the Langmuir analysis an estimation of the proportion of 
chalk surface actually involved in adsorbing some of the viruses 
could be made. It appears that only 1x10"* to 2x10"  ^ percent of 
the total surface was covered by the viruses in this 
investigation. Thus only a very small proportion of substrate 
capacity is actually involved in adsorbing viruses. Although it 
must be noted that only the simian rotavirus, S marcescens phage 
and the Ent cloacae phage indicated that a saturation point could 
be reached at concentrations of viruses reached In this study.
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Adsorption isotherms allowed comparison between rate of 
adsorption for each virus to be made. The simian rotavirus 
produced weaker adsorption rates than the bacteriophage and 
poliovirus. Poliovirus 1 and the Ent cloacae phage fitted more 
closely the Freundlich equation.
Again no correlation with behaviour could be made with respect to 
viral morphology. The Ent cloacae phage (elongated icosahedral 
head, lOOnm in length with a long contractile tail) showed 
greatest similarity to poliovirus.
Finally in an attempt to simulate aquifer conditions viruses were 
allowed to percolate through a chalk column for two weeks at a 
similar groundwater velocity to that found in the field (1.76m 
per day). After this the core was sectioned and crushed and 
eluent added to investigate virus distribution with depth.
The survival experiment predicted little reduction in viral titre 
over a two weeks period, at the most one log*© reduction. In the 
column experiment viruses were not only suspended within 
groundwater but also adsorbed to the chalk surface.
Investigations on viruses in other environments have shown that 
viral survival is enhanced by solid-association (LaBelle and 
Gerba 1982). But as mentioned before (section A.3.3) the majority 
of bacteria indigenous to aquifers are found on fissure surfaces, 
suggesting that antiviral activity from bacteria is more likely 
to occur to adsorbed viruses and increase their decay rates. The 
role of bacterial antagonism to viruses within these conditions 
needs to be further investigated. Although it may be indirectly 
elucidated with reference to the mathematical model in section
E.4., which indicated that bacterial antagonism is relatively
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unimportant.
The adsorption study indicated that there would be little 
movement of the viruses through the column due to the large 
surface of chalk available to the viruses, This was not the case 
because of channelling of the viruses through fissures and hair­
line cracks in the column. This channelling ensured that a large 
number of viruses passed through the column very quickly, 
producing a peak of high numbers at the beginning of the 
experiment. Thereafter there was a more of less constant release 
of viruses from the column. The distribution of the virus within 
the column after the experiment showed that they had penetrated 
to all depths of the chalk, to a large extent, regardless of the 
distance from the top of the column. This is highly indicative of 
the influence of adsorption.
Adsorption is a dynamic condition and viral adsorption has been 
found to be a reversible process (Burge and Enkiri 1978, Murray 
and Parks 1980). Adsorption and desorption rates in chalk are 
presumably, although not proven, equivalent. As the concentration 
of viruses in aqueous solution increases so does total adsorption 
and total desorption. Thus as new medium (groundwater) is added 
to a system after high concentration of the virus, then 
desorption will occur but at a diminishing rate. This forms, in 
effect, a reservoir slowly releasing vir'uses into the system at a 
gradual and almost constant rate. Thus the tail of significant 
viral numbers and even distribution of the virus throughout the 
chalk indicate that the viruses have migrated with the water 
throughout the column, that many have adsorbed to the chalk 
surface and thereafter with constant flow of fresh groundwater a
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slow but relatively constant release of viruses into the 
percolate has occurred.
Other effects such as groundwater velocity and macroscopic 
dispersion; diffusion; penetration into pores spaces 
(sedimentation) and decay rate will also effect viral transport 
through the chalk column. Diffusion is theoretically the most 
important limiting factor on the rate of adsorption, determining 
the rate of viral contact to the chalk and hence viral 
adsorption.
The laboratory experiments demonstrated that each virus varies in 
survival and adsorption properties under groundwater conditions. 
The question arises of whether the degree of difference in 
adsorption and survival found is so important as to rule out the 
possibility of using certain bacteriophage as models of 
pathogenic viruses in groundwater systems. In this context, 
bacteriophage may not be definitive models, but may be good 
indicative ones.
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SECTION: E. FIELD INVESTIGATIONS. RESULTS AND DISCUSSION.
E .1. ETTON PUMPING STATION.
E.1.1. EXPERIMENT 1.
All three bacteriophage had similar recovery patterns (Fig 41-43) 
with an initial peak of high numbers decreasing to a tail of 
low numbers.
The rate of migration of the bacteriophage across the 122m to the 
pumping station was the same for all three viruses. The first 
positive sample was detected within two and a half hours 
indicating a greatest migration rate of 1.35cm per second (Table 
24) .
The percentage of the S marcescens phage inoculum recovered from 
the aquifer was 0.49 percent representing 1.99 x 10*^ pfu. A 
similar percentage was found for the K12 coliphage (0.48 
percent). However, only 0.12 percent of the Ent cloacae phage was 
recovered (Table 23).
E.1.2. EXPERIMENT 2.
A peak of higher numbers was observed similar to the previous 
experiment. However the persistence of significant numbers 
was prolonged producing a wider spread. This is despite the 
influence of the pumping regime which in all the Etton 
experiments prolonged the spread of detectable numbers. While 
the pump was not in operation water was not being abstracted from 
the aquifer. This, therefore, prolonged the time over which 
tracer was detected. Two of the tracers, the S marcescens and Ent 
cloacae bacteriophage, exhibited similar recovery patterns (Fig
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44—46). The K12 coliphage behaved slightly differently producing 
several peaks of recovered phage within a wide spread of 
significant numbers.
A different migration rate was observed for all three 
bacteriophages. A slightly longer time elapsed before the first 
positive sample was detected (between 5 and 6 hours after 
addition of the tracers) but this constitutes a faster 
migrational rate than in the first experiment: 1.7-2.Ocm 
per second as compared with 1.35cm per second (Table 24).
The percentage of original inoculum recovered for each 
bacteriophage differed (Table 23). Only 0.23 percent of the 
S marcescens bacteriophage was recovered (less than half of that 
recovered in the previous experiment), 0.34 percent of the Ent 
cloacae bacteriophage was recovered (more than twice as much as 
that detected in the first experiment) and finally, 1.9 percent 
of the K12 coliphage was recovered, representing the highest 
percentage recovered for any of the bacteriophage in any of the 
tracer experiments. Nevertheless, the recovery rates were 
generally of a comparable order of magnitude.
E.1.3. EXPERIMENT 3.
The recovery patterns for all three bacteriophage showed greater 
similarity to each other in this experiment than in the previous 
two (Fig 47-49). A short peak of high numbers, similar to that 
in the first experiment was observed.
The greatest migration rate was the same for all three phage and 
was faster than in the previous experiments ie 2.8cm per second 
(Table 24).
120
Table 23. Percentage of Original Inoculum Recovered from 
Experiments 1,2 and 3.
ETTON PUMPING STATION
Exp.1 Exp,2 Exp,3
I of Original I of Original I of Original 
Inoculum Inoculum Inoculum
Bacteriophage of;
Serratia marcescens 0.49 0,23 0,10
Original Inoculum (pfu); (3,8 x IO14) (1,2 x 101S) (1 x f0ls)
K12 E. coli 0,48 1,9 0.17
Original Inoculum (pfu); (3,4 x iO14) (3 x IO*4) (1,6 x 1014)
Enterobacter cloacae 0,12 0,34 0,18
Original Inoculum (pfu); (1 x IO15) (1 x 101S) (3,4 x IQ14)
Table 24. Sreatest Migration Rates for Experiments 1.2 and 3,
ETTON PUMPING STATION 
Exp.l Exp,2 Exp.3
cm per second cm per second cm per second 
Bacteriophage of; _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
Serratia marcescens 1,35 2,0
KI2 E, coli 1,35
Enterobacter cloacae 1,35 1,7
Figure 41. Recovery pattern of S marcescens phage.
Etton Experiment 1. 122mt distance from pumping well-no. 4.
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Figure_42_,. Recovery pa t te rn  of K12 coliphage.
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Figure 43..Recovery pattern of E cloacae phage.
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Figure 44. Recovery pattern of S marcescens phage.
Etton Experiment 2. 366m distance from  pumping well no. 4.
Figure 45., Recovery pattern of K12 col iphage.
Etton Experiment 2. 366m  distance from  pumping well no. 4.
Figure 4 6 Recovery pattern of E cloacae phage.
Etton Experiment 2. 366m  distance from  pum ping well no. 4.
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Figure ^ Recovery pattern of S marcescens phage,
Etton Experiment 3. 366m  distance from pumping well no. 2.
Figure 48. Recovery pa t te rn  o f  K12 co l iphage.
Etton E xperim en t 3. 366 m  d is tance  fro m  pum ping  well no. 2.
Figure 49. Recovery pa t te rn  o f  E c loacoe phage.
Et.on Experim ent 3. 366m  d is tonce  fro m  pum ping well no. 2
The percentage of phage recovered from the aquifer was small in 
comparison with experiments 1 and 2 but again some variation was 
observed between the three (Table 23). Only 0.1 percent of the 
S marcescens bacteriophage was detected compared with 0.18 
percent of the Ent cloacae phage and 0.17 percent of the K12 
coliphage.
E.1.4. OBSERVATION BOREHOLES.
The number of bacteriophage remaining within the injection 
observation borehole 4e was analysed during experiment number 3
(Fig 50-52). It may be observed that numbers decreased 
substantially at all levels in the borehole within a few hours 
(4-5 hours after addition of the tracers). The behaviour of the
bacteriophage was similar for all three at all depths 
although there appears to be a slight tendency for the numbers 
to persist longer at the lower depths. However the amount 
remaining after 4.5 hours within the borehole represented an 
extremely small fraction of the original, in all cases 4 to 5 log 
units lower in titre.
The samples taken from the intermediate borehole, borehole 3e, 
showed the presence of a few bacteriophage throughout the 
duration of the experiment, but gave no significant peak (Fig 
53). This suggests that the bulk of the contaminant plume did not 
take a route to the pumping station which traversed that 
particular observation borehole.
The borehole samples taken during experiment 3 (26.11,85) from 
borehole 4e and 3e both contained low numbers (Fig 54-59) of pfu 
before addition of the tracer. Tracer experiments 1 and 2 were
12?
performed almost one year earlier (6.12.84 and 18.12.84 
respectively). This shows the stability of these bacteriophage 
surviving under these chalk groundwater conditions for at least 
12 months.
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Figure 50 . S m a rc e s c e n s  phage remain ing  
within in je c tio n  borehole  (4e ). Etton Experim ent 3
Figure 5,1 . K12 co l iphage remain ing
within in jec tion  borehole  (4e ). Etton Experim ent 3.
-3— 40m
Figure 52. E c loacae phage rem a in ing
within in jection  boreho le  (4e ). Etton Experim ent 3.
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Figure 54. Etton Experim ent,j5.
S marcescens phage remaining within injection bore h ole. ^ -e..
■oM—a.
23m 40m 55m
Depth
69m
Figure 55. Etton Exper iment 3.
K12 coliphage remaining within injection borehole. 4e_.
depth
Figure 56. Etton tx p e r im e n t  3.
E cloacae phage remaining within injection borehole.4q..
Tm Before Injection
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Figure 58. Etton Exper im ent  3.
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Figure 59. Etton Exper iment 3.
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E.2. SWAFFHAM PUMPING STATION.
E.2.1. EXPERIMENT 4.
It is unfortunate that due to interruptions in sampling, 
because of equipment failure, a more comprehensive 
understanding of bacteriophage behaviour at this site could 
not be made. However some information was obtained.
Ent cloacae phage was not detected throughout this experiment. 
This was to be expected because the bacteriophage was injected at 
a depth of 53m within the aquifer. The abstracting borehole has a 
steel lining down to 75m in order to exclude groundwater from 
these upper horizons because of high nitrate concentrations. It 
would appear that in this case the steel casing was effective. 
Horizontal layers of lower permeability, within the aquifer has 
prevented vertical movement of the tracer at this close distance 
(16.5m from abstraction well).
The piezometer results (Fig 62) show that a considerable 
percentage of the original inoculum remained in the injection 
piezometers, this is particularly true for the Ent cloacae phage 
for which the percentage remaining over the period of sampling 
(46 days) was in the range 2 to 4 percent . This may possibly be 
due to the absence of a strong hydrological gradient around the 
piezometer. However the results do suggest that the majority of 
phage still managed to escape from the piezometer into the 
surrounding aquifer.
The other two bacteriophage, injected at 75m and 115m, did 
succeed in migrating to the abstraction well (Fig 60 and 61). The 
first arrival occurred between 47 hours and 101.5 hours.
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producing a migration rate of between 16.8 and 34.6cm per hour 
(0.0047 and 0.0096cm per second) (Table 26). This is slower than 
the phage migration found in the Etton experiments (1.35-2.8cm 
per second) (Table 24).
A higher percentage of the S marcescens phage (injected at 115m 
depth) was recovered than for the K12 coliphage (injected at 75m 
depth) (Table 25). It is uncertain whether this is due to the 
hydrogeological structure of the aquifer, or due to the omission 
of samples taken between the times 47 to 101.5 hours. This may 
have prevented detection of the majority of K12 coliphage 
reaching the abstraction point. The pattern of K12 coliphage 
recovery (Fig 60) suggests that it is possible that the peak 
numbers did migrate through to the abstraction well during the 
time that sampling was not performed. The pattern of recovery for 
the S marcescens bacteriophage, however, does suggest that the 
peak was detected (Fig 61). 0.16 percent and 0.0104 percent of S. 
marcescens and K12 bacteriophage, respectively, was detected.
The injection piezometers for both S marcescens and K12 coliphage 
show that a reasonable amount of the tracer remains at the 
injection point for some time (Fig 62). After 13 days 0.13 
percent of S marcescens phage and 2 percent of K12 coliphage 
tracer still remained. Unlike the Ent cloacae phage, these 
figures did decrease significantly with time.
1 3 2
T £g&r .e...§Qj. Recovery pa tte rn  o f K12 co liphage.
Swaftham Exp.4. 75m depth, 16,5m distance from pumping well.
Figure 61. Recovery pattern of S. marcescens  phacie.
Swoffham Exp. 4. 115m depth. 16.5rn d istance from  pumping well.
Figure 62. Phage remain ing within injection piezometer.
Swoffham Experiment 4.
Table 25. Percentage of Original inoculum Recovered from 
Eijpgrifents 4,5 and 6,
SHfiFFHAK AND SAWSTON PUHPIN6 STATION
Exp.4 Exp.5 Exp.6
I of Original X of Original I of Original 
Inoculu® Inoculum Inoculum
Bacteriophage of;
Serratia aarcescens >0,16 0.002
Original Inoculum (pfu): (8.8 x 1014) (B.S x 1014) (5 x 1014)
KT2 E. coli >0,0104 0.055
Original Inoculum (pfu); (1,3 s 10145 (1 x ID14}
Enterobacter cloacae O
Original Inoculu® (pfu); (1 x ID14) (1 x 1014)
HS2 E. coli
Original Inoculuin (pfu!; (4 x 10131
Table 26, Greatest Wiqration Rates for Experiments 4.5 and 6,
SHAFFHAH AND SAWSTON PUMPING STATION 
Exp,4 Exp,5
cm per second cm per second
Bacteriophage of; __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
Serratia eiarcescens 0.0047-0.0096 0.0082
1(12 E. coli 0,0047-0,0096 0.00B3
Enterobacter cloacae
E.3, SAWSTON PUMPING STATION.
E.3.1. EXPERIMENT 5 and 6.
The site at Sawston produced some unexpected results.
Three bacteriophage were injected in to the aquifer via a 
borehole (8) 1km away from the abstraction well, and two were 
injected via a borehole (11) on separate occasions at a 50m 
distance from abstraction well.
Positive results were obtained at the pumping borehole, for two 
of the bacteriophage inoculated at borehole 8, but none were 
detected for the bacteriophage injected via borehole 11 (Table 
25). This suggests that, even though there must be a considerable 
gradient pressure on the groundwater within this area (towards 
the pumping station) there was no connection between borehole 11 
and the abstraction well, 50m away. Two tracers were injected 
into this borehole on two separate occasions. The MS2 coliphage 
was injected and the pumping well water sampled thereafter every 
hour for 5.5 months. The S marcescens was injected at a much 
later date and sampled at the abstraction well every 5 to 10 
minutes for three hours. It is possible, although extremely 
unlikely, that the peak of phage reached the abstraction site but 
was not sampled at the appropriate time ie if the entire 
detectable peak of phage arrived after 3 hours over a period of 
less than one hour. However it is expected that after a delay of 
3 hours, dispersion, diffusion and adsorption effect, within the 
aquifer would cause the tracer to arrive over a substantially 
longer period than one hour (as in all previous experiments).
Returning to experiment 5, the two (out of the three)
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bacteriophage detected, were the S marcescens bacteriophage 
(injected at 38m depth) and the K12 coliphage (44m). The 
Ent cloacae phage (15m) was not detected (Table 25). Injection at 
different depths within borehole 8 did not guarantee that the 
tracer would only enter the aquifer at this depth. Unlike 
experiment 4, where the piezometers were of different lengths 
(thus preventing the phage from entering the rock bed at a lower 
depth), tracer injected within this borehole may well move up or 
down within the hole before entering the aquifer system.
With regard to the injection borehole results (Fig 65 and 66), it 
appears that the S marcescens phage (38m) and the Ent cloacae 
phage (15m) tracers followed a similar route within the borehole 
ie downwards. Conversely, the K12 (44m) coliphage left very low 
numbers at the deeper depths and the majority of the remaining 
phage were found in the upper levels. It is possible that the 
chalk was more permeable at 44m. So when K12 coliphage was 
injected at this point the majority was drawn into the aquifer 
immediately. In contrast, the other two tracers had to depend on 
movement within the borehole to allow them to come in close 
contact with a suitable access point to the aquifer. When used in 
the field, tracers are mixed with glycerol. Before this is 
diluted with the aquifer it adheres to the tracer and increases 
its density. It is therefore possible that the reason for the 
high numbers of S marcescens phage and Ent cloacae phage observed 
at the lower depths is associated to some extent with this 
greater density.
The Ent cloacae phage was injected at 15m, 29m above the depth of 
K12 injection (44m). This slower route of entry into the aquifer 
and thus greater dilution, may explain its non-recovery.
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Figure 63. Recovery p a tte rn  o f K12 coliphage.
Sawston Exp. 5. 44m depth, IKm distance from pumping well.
Time (days)
Figure 64. Recovery pattern of S marcescens phage.
Sawston Exp. 5. 38m depth, 1Km distance fro m  pumping well.
Time (days)
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Figure 65. Phage remain ing within injection borehole (8).
a fte r 212 hrs. Sawston Experiment 5.
Depth
Figure 66. Phage remain ing within injection borehole (8)
c fte r  220 hrs. Sawston Experiment 5.
5 marcescens phaQe (3801") 
K(2 colip^ e (44nr>)
E clooCQg phpqe (15m)
Depth
1.38
Alternatively it could be due to certain characteristics of the 
Ent cloacae phage which prevented it from migrating to the 
abstraction well in sufficient quantities to be detected.
The first bacteriophage to be recovered at the abstraction 
well after 135 days (almost 5 months) was K12 coliphage (Fig 
63). This tracer had a greatest migration rate of 30cm per hour 
(0.0083cm per second) (Table 26). This was substantially slower 
than the velocity attained at Etton (1.35-2.8cm per second).
0.055 percent of total K12 coliphage added was recovered (Table 
25) .
The S marcescens phage was detected after 141 days (just over 5 
months) (Fig 64). Only 0.002 percent was recovered, and the 
greatest migration rate was 29.5cm per hour (0.0082cm per second) 
(Table 25 and 26).
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E.4. MATHEMATICAL MODEL. ETTON EXPERIMENT 3.
A computer simulated mathematical model was developed hy Barker 
(1987) to complement the study at the Etton groundwater site, 
experiment 3 (Fig 47-49).
The model does not provide an automatic fit to the data generated 
in the tracer experiment, but allows interactive trial and error 
use, with the option of changing certain parameters of the model, 
in order to find the best fit. This allows the introduction of 
known parameters specific to the aquifer under study, such as its 
porosity and fissure width, as well as laboratory findings on 
bacteriophage characteristics, such as adsorption coefficient and 
decay rate. Thus a comparison between the theoretical shapes 
produced with the model can be made with that produced by the 
actual field tracer experiments.
A very brief description of the model follows
co ft) = r'""- '
Coi. 1/2. e - A  o U  -n; \exp [ - oCa /4€ - ]t -=*'=>-dC
^  O
Where Co = concentration of bacteriophage in water at the 
abstraction well.
Coi ~ concentration of phage at injection borehole.
There are two independent parameters which include values taken 
from laboratory experiment oCj. and .
cC;u - kT
T = time taken-for water to flow from the Injection Borehole to 
the abstraction well (taken to be 3.6 hours from Etton experiment 
3) . A distance of 1 R‘ (366m) .
14Q
t = time taken for water to flow from a distance 'r' to the 
abstraction well.
T  - t/T
R = decay constant (half life)
The decay constant R, was taken as being 999.99 hours.
Actual half lives found for bacteriophage, calculated from Table 
14, are 1546.5 hours for Ent cloacae phage, 1800 hours for I<12 
coliphage (field survival chambers) and 6758 hours for 
S marcescens phage (laboratory survival chambers).
oCa = 4(1+K) jp DT / bK
Where j) = porosity of chalk matrix (taken as 0.35) .
K - adsorption coefficient (taken to be either 5xl03, 1x10^ or 
2x10^ ml per gram from laboratory estimates (Table 18-19)). 
b = fissure width (0.5cm, 1cm and 2.5cm, expected values for 
Etton site).
D = diffusion coefficient of phage in the matrix (1x10""3 , 3x10“** 
or 1x10"“** nf2 per hour, taken from calculated diffusion 
coefficients for uncharged spheres of radii 0.01-0.1 microns in 
water (Section A.3.2) 7.6xl0“3 to 7.6x10“** nP per hour).
By varying the values for fissure width, diffusion and 
adsorption, many different theoretical tracers can be generated.
Figures 67-73 show the computer-simulated tracer recovery 
patterns for three different values for diffusion, adsorption and 
fissure width. These parameters have a strong influence on the 
pattern of recovery.
Due to interruptions of experiment 3 (Fig 47-49) by the pumping 
regime, phage recovery has been distorted making it difficult to
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Fig 67. Computer-Simulated Tracer Recovery (combination a)
Parameter Values. 
Borehole Separation: 
Greatest Transit Time: 
Matrix Porosity:
Half Life:
Fissure Width: 
Diffusion Coeff: 
Adsorption Coeff:
366m 
3 , 60h 
0.35 
999.99h 
0 .5cm
3x10“** nfYh 
1x10* ml/g-
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Fig 68. Computer-Simulated Fig 69. Computer-Simulated
Tracer Recovery (combin. b). Tracer Recovery (combin. c).
PARAMETER VALUES
Borehole Separation: 366m Borehole Separation: 366m
Greatest Transit Time : 3.60h Greatest Transit Time : 3.60h
Matrix Porosity: 0.35 Matrix Porosity: 0.35
Half Life: 999.99h Half Life: 999.99h
Fissure Width: 0. 5cm Fissure Width: 0.5cm
Diffusion Coeff: 3x10“** nP/h Diffusion Coeff; 3xlO“*mFVh
Adsorption Coeff: 2xl0^nl/g Adsorption Coeff: 5xl03ml/g
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Fig 70. Computer-Simulated Fig 71. Computer-Simulated
Tracer Recovery (combin. d). Tracer Recovery (combin. e).
PARAMETER VALUES
Borehole Separation: 366m Borehole Separation: 366m
Greatest Transit Time: 3.60h Greatest Transit Time: 3.6Oh
Matrix Porosity: 0.35 Matrix Porosity: 0.35
Half Life: 999.99h Half Life: 999.99h
Fissure Width: 0 .5cm Fissure Width: 0 .5cm
Diffusion Coeff: lxlO~m mF/h Diffusion Coeff: lxlO“‘ymr2/h
Adsorption Coeff: lxloml/g Adsorption Coeff : lxlO*m
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Fig 72. Computer-Simulated Fig 73. Computer-Simulated
Tracer Recovery (combin. f). Tracer Recovery (combin. g).
PARAMETER VALUES
Borehole Separation: 366m Borehole Separation: 366m
Greatest Transit Time : 3.60h Greatest Transit Time : 3.6 Oh-
Matrix Porosity: 0.35 Matrix Porosity: 0.35
Half Life: 999.99h Half Life: 999.99h
Fissure Width: 0.25cm Fissure Width: 1cm
Diffusion Coeff: 3x10“** irf^ /h Diffusion Coeff: 3xl0~‘*ma/h
Adsorption Coeff: lxlO^/g Adsorption Coeff: lxlO*mi/g
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Fig 74. Computer-Simulated Fig 75. Computer-Simulated
Tracer Recovery (combin. h) .  Tracer Recovery (combin. i).
PARAMETER VALUES
Borehole Separation: 121m Borehole Separation: 121m
Greatest Transit Time:: 2.50h Greatest Transit Time: 2.50h
Matrix Porosity: 0.35 Matrix Porosity: 0.35
Half Life: 10. Oh Half Life: 1. Oh
Fissure Width: 0 . 1cm Fissure Width: 0. 1cm
Diffusion Coeff: lxlO~e mP/h Diffusion Coeff: 1x10 Gm2/h
Adsorption Coeff: 3x10:Lj^ £/g Adsorption Coeff: 3xl03 ml/g
match the field tracer pattern with that of the mathematically 
produced one. However, estimates can still be made. From all 
combinations tried, a diffusion coefficient of 3xl0"~,rynf3 per hour, 
an adsorbtion coefficient of 1x1 O'* ml per gram and a fissure 
width of 0.5cm, gave the best fit.
Figures 74 and 75 possess very different parameter values, which 
can not be related to the previouse computer-simulated traces, 
however, they are useful in emphasising the influence of tracer 
decay rate on the pattern of recovery. Figure 74 shows the 
simulated behaviour of the tracer if half life was 10 hours, 
while figure 75 possesses a half life of 1 hour.
Thus this mathematical model emphasises the importance of decay 
rate, diffusion and adsorption on the behaviour of the 
bacteriophage within the field. The ability to model phage 
behaviour in the field with reference to laboratory results 
suggests that all major factors acting on viral migration within 
the groundwater have been considered. This also provides further 
indirect evidence that other factors eg microbial antagonism are 
relatively unimportant.
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E.5. FIELD INVESTIGATION. DISCUSSION.
The bacteriophage detected in these experiments represent 
detectable bacteriophage reaching the abstraction wells. As 
such they may only represent the 'peak' of phage actually 
migrating the distance.
Bacteriophage migration from injection point to abstraction well 
may take several routes along many different fissures and hence 
arrive at the abstraction well at different times. Dispersion 
within the fissures will also occur in addition to diffusion into 
the rock matrix and adsorption. All of these features would 
prevent the phage from arriving at the pumping station at one 
time in a single plug. In effect they represent a form of 
dilution. This dilution is fundamental, considering that only 1ml 
of water, being abstracted at a rate of between 0.3 million and
4.2 million ml per minute, was assayed. The dilution at the 
abstraction well where water is converging from all directions, 
is significant too, and may be sufficient to prevent the phage 
being detected. It is not possible to estimate the quantity of 
abstracted water actually coming from the site of interest and 
thus it is difficult to estimate the amount of dilution the 
tracer undergoes at the pumping station or in transit. In this 
respect the actual numbers or percentage of original inoculum 
may be an underestimate.
It is a reflection of bacteriophage properties that such huge 
dilution of the original inoculum can occur, and yet significant 
quantities (up to 2 percent) may still be detected. Furthermore 
the stability of bacteriophage within groundwater enables it to 
be detected after considerable periods, up to 5 months in
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experiment 5 and after 12 months within observation boreholes as 
in experiment 3.
The further the tracer has to travel the greater the effects of 
dispersion, dilution and various interface reactions will become 
(experiment 5). Furthermore, the longer the delay of migration 
through an aquifer, such as in experiment 4, the greater these 
effects will have on bacteriophage migration.
From the Etton experiments it is obvious that there is a clear 
conduit between the injection boreholes and abstraction well at 
the site. This permits very rapid fast transport times and a 
significant percentage of the inoculum to be detected. Even so, 
variation was found between the three experiments. This was 
undoubtedly due to the different hydrogeological conditions ie 
different injection sites and different pumping regimes resulting 
in a variety of local hydraulic gradients.
In none of the three Etton experiments were differences in 
recovery pattern or percentages recovered detected which could be 
directly attributed to the different morphological groups of the 
phage. In both tracer experiments 4 and 5, the Ent cloacae phage 
was not detected. However due to the different hydrological 
conditions that the tracer was exposed to, any significance 
relating to its morphological properties cannot be assumed.
What is noticeable about these tracer experiments, in particular 
experiments 1 and 2 (where sampling was extended over several 
days after peak arrival), Is the presence of a tail of low but 
detectable numbers of phage. The asymmetrical trace produced 
indicates that some factor is delaying the phage from its 
migrational route to the well other than dispersion. Simple
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dispersion alone would produce a symmetrical shape with lower 
numbers of phage at either side of the peak. This tail is highly 
significant and almost unquestionably suggests the existence of 
diffusion and/or adsorption.
The recovery patterns observed for the bacteriophage suggest that
the majority of the inoculum travelled in a discreet plug. The
tail may be postulated to represent phage originally within the
plug but delayed by diffusion and/or adsorption. However, the
graphs could also represent several plugs travelling through more
than one fissure to reach the abstraction well. This is 
aparticularly probable in experiments 2 and 5 where a very non- 
uniform trace was obtained.
Etton experiment 3 included extensive sampling of the injection 
borehole, in order to quantify the actual input of bacteriophage 
into the aquifer. Although the majority of phage inoculum left 
the borehole immediately, for the remaining percent it was not a 
simple one point injection of the aquifer but effectively, a 
multiple step inoculation. This too would tend to extend the tail 
end of the recovery pattern. The recovery behaviour can not be 
solely explained by different fissure routes and velocity 
variations within fissures of a size 0.1-lmm. The effect of 
dispersion due to the variation in groundwater velocities would 
in reality be minute in comparison to potential interface 
interactions. Furthermore the mathematical model managed to 
simulate a similar recovery pattern including the potential 
diffusion affects and the actual adsorption (taken from the 
laboratory studies) rate, suggesting that all factors affecting 
tracer behaviour have been considered in the mathematical model.
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SECTION F: DISCUSSION.
It is clearly important to know whether human enteric viruses are 
able to migrate through groundwater in order to predict the 
possibilities of pollution of drinking water supplies from known 
or potential contaminant sources.
The objective of this investigation was to use bacteriophage as 
tracers at chalk groundwater sites and to estimate, by laboratory 
studies, the efficacy of the bacteriophage as models of 
pathogenic virus behaviour.
Laboratory work included investigations of survival properties,
adsorption rates and behaviour in simulated aquifer conditions.
The survival studies showed that all five bacteriophage
investigated survived longer than four animal enteric viruses.
One bacteriophage (E. cloacae phage) showed particular stability
groundwaterin groundwater conditions whether suspended in a jn
laboratory survival chambers or in laboratory flasks. These 
observations suggest that several bacteriophage would be good 
models of human enteric virus behaviour by representing the 
worst-case situation of virus persistence.
Batch adsorption studies showed that the human enteric viruses 
(poliovirus, echovirus, coxsackievirus), simian rotavirus and the 
three bacteriophage readily adsorbed to chalk. Poliovirus 
had similar adsorption coefficients to the bacteriophage although 
the rotavirus had a much lower value. The E. cloacae phage 
produced an adsorption-1imit suggesting that one gram of chalk is 
saturated by 3x10* pfu. This indicated that although adsorption 
of viruses to chalk is strong, only 1.7x10"* percent of the 
ground chalk surface area available is actually involved in
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adsorption.
Differences in adsorption were observed under different 
conditions ie groundwater compared with distilled water and chalk 
compared with calcium carbonate. The simian rotavirus produced 
the most variable results.
The column experiment in simulated aquifer conditions revealed 
that the rate and percentage of original inoculum migrating 
through a 35cm chalk core was similar for all organisms tested ie 
three bacteriophage and two enteric viruses. However certain 
differences were observed for the different types of viruses ie 
decay rate, adsorption coefficient and recovery pattern from a 
chalk column. None of these variations were directly attributable 
to the morphology of the viruses. Although the data obtained in 
column experiments did not relate to all four pathogenic viruses, 
there is no reason to believe that the behaviour of poliovirus 
was atypical.
Further experimentation is required to determine the role of 
diffusion and adsorption/diffusion phenomenon.
The field investigations of this study have shown that 
bacteriophage may be used successfully at chalk aquifer sites 
with ease and efficiency.
At the three different sites of application certain 
hydrogeological features were clearly reflected in recovery 
traces. The Etton site allowed rapid migration of the phage from 
injection site 122m and 366m from the pumping station, 
confirming the highly fissured nature of the site. The 
Swaffham experiment demonstrated a substantially different set of
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conditions; a longer period of time was required for the tracer 
to migrate only 16.5m, reflecting the semi-permeable nature of 
certain layers within the site. One tracer at this site was not 
recovered owing to the depth at which it had been injected 
corresponding with a steel lining preventing the tracer from 
reaching the pumping station. Finally, at Sawston a conduit was 
found between the pumping station and an injection point 1km 
away, a considerable distance, and up to 0.055 percent of 
original inoculum was recovered even after 5 months.
Bacteriophage proved very easy to use. Once prepared in the 
laboratory, a simple method of injection ie flushing through a 
hose pipe or simply pouring the phage into the borehole or 
piezometer, was sufficient to introduce tracer into the aquifer. 
Regular sampling at the pumping station was easily achieved using 
an automatic sampler and the water samples collected could be 
safely stored at 4°C for several weeks without loss of titre 
before analysis (this was confirmed by evidence from the survival 
investigation). Furthermore because the bacteriophage could be 
grown and harvested in such high titres (10iS pfu per ml) a 
pattern of recovery could be observed despite massive dilution, 
and a rough estimation of the percentage of original inoculum 
recovered. Due to the dilution occurring at the pumping station, 
the percentage of original inoculum migrating the distance may be 
an underestimate due to the tail becoming prematurely non- 
detectable. However as long as a tail is detected an accurate 
estimate of phage migration can be made. Furthermore the 
percentage of phage recovered would still allow comparisons to be 
made between the different bacteriophage used and to a certain 
extent between different groundwater sites.
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The pattern of recovery can be directly related to bacteriophage 
behaviour. In all cases the shape of recovery produced by all 
detectable tracers was similar ie an asymmetric peak. This 
permitted conclusions to be drawn regarding other influences 
on the migration of bacteriophage in aquifers, besides 
dilution and dispersion. Principle subsidiary influences were 
expected to be adsorption and diffusion. These effects were 
included in a mathematical model of contaminant migration 
through the chalk aquifer site at Etton, which included 
certain features of the aquifer such as pore size, fissure 
width, distance and time. By using the laboratory derived 
constants for bacteriophage adsorption and decay rate, and 
the expected value of diffusion, the same behavioural pattern 
as observed in the field for Etton experiment 3, was 
reproduced by the mathematical model. This suggests that all 
important factors affecting bacteriophage migration within 
chalk groundwater sites were considered in the model.
The tracer experiments also enabled several conclusions to be 
drawn about certain properties of bacteriophage besides the 
adsorption/diffusion effects previously considered. As observed 
In experiment 3, a proportion of injected bacteriophage survived 
12 months within groundwater conditions, and as in experiment 5, 
bacteriophage survived consistently enough to allow 0.055 
percent of original inoculum to migrate 1km over a 5 month period 
and still be detected.
Due to the different depths at which the bacteriophage were 
injected a direct comparison of the behaviour of the three 
bacteriophage could only be made for experiments 1,2 and 3, at
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the Etton site. However, no difference in behaviour was observed 
which could be explained by differences in morphology. In later 
experiments (4 and 5) the E. cloacae phage was the only phage not 
detected but this may possibly be due to the different 
hydrogeological conditions that it was exposed to (particularly 
in experiment 4) rather than any inherent difference in 
behaviour.
Finally by analysing water from the injection borehole the 
behaviour of the tracer entering the aquifer from injection 
source was made. It would appear that the majority of phage 
rapidly enters the aquifer, a small and decreasing, percentage 
remaining at the lower depths for some time. Although one 
Investigation was performed on the aquifer between injection site 
and pumping station (intermediate borehole in experiment 3), the 
bulk of the migrating tracer was not detected.
From the tracer experiments and column study it appears that a 
proportion of the original inoculum will not be delayed by the 
chalk aquifer if it gains access to fissures in the material. A 
peak of high numbers will migrate through the aquifer via the 
fissures with little interaction with the rock matrix. However 
for the majority of the virus particles, several factors will 
retard migration including adsorption and diffusion. These are 
essentially dynamic factors delaying the virus from the average 
groundwater velocity rather than removing or destroying it. They 
also act in effect as a form of dilution, hence reducing the 
number reaching the selected destination at any one time but also 
resulting in an increase of the period of time over which virus 
will arrive at this point.
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A peak of high numbers reaching a water source in a short period 
will obviously provide the greatest risk of water borne disease, 
having the greatest potential for contaminating water supplies. 
The only limiting effect will be decay rate which as observed Is 
considerable. The tail of delayed virus, depending on the titre 
of the original inoculum at pollutant source, may or may not be 
serious.
Bacteriophage have been shown to be good tracers at groundwater 
sites. They are safe and easy to use, enabling a relatively 
comprehensive analysis of behaviour within groundwater systems to 
be made, as well as highlighting specific properties of aquifer 
conditions.
When compared with animal viruses in laboratory studies, 
bacteriophage differed in survival and adsorption properties.
This suggests, as previous authors have observed using different 
viruses; animal and bacteriophage (Goyal and Gerba 1979), that 
there is no single definitive model of viruses. Each virus 
possesses its own specific properties. However, although 
bacteriophage cannot reasonably be used as definitive models for 
the behaviour of pathogenic viruses, they may be used as 
indicative models.
The mathematical model emphasises the importance of viral 
survival and adsorption properties in determining tracer 
patterns. Although at the Etton site (experiments 1,2 and 3) the 
rapid transit times reduced the influence of decay on the results 
significantly, at other sites (Sawston and Swaffham, experiments
4,5 and 6) this would not have been the case. However, as the 
bacteriophage possessed smaller decay rates than the animal
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viruses, the decay rate need not be considered a demerit because 
the bacteriophage represent a worst-case model. Furthermore, the 
difference in adsorption coefficients found between the three 
bacteriophage did not substantially alter their behaviour 
patterns in three tracer experiments in the field (Etton 1,2 and 
3). Nor was there a noticeable effect observed in the laboratory 
column study between the three bacteriophage and poliovirus. This 
emphasises that the actual differences in adsorption rates and 
coefficients found in laboratory are out-weighed in the field by 
the overriding hydrological conditions. This may not be true of 
the rotavirus which appeared to have a much weaker adsorption 
coefficient to chalk than the human enteroviruses.
This investigation proposes that bacteriophage may be used as 
models of pathogenic virus behaviour at groundwater sites with 
certain reservations.
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APPENDIX 1. ISOLATION AND DEVELOPMENT OF BACTERIOPHAGE FROM THE 
ENVIRONMENT.
1.1. Isolation of Bacteriophage from Sewage.
In order to isolate bacteriophage from the environment a group of 
15 bacteria were chosen from the University of Surrey Culture 
Collection. The bacteria chosen (Table 27), fitted closely to the 
following criteria: non-pathogenicity; rapid and uninhibited 
growth on a selective medium; unlikely to be indigenous in 
groundwater systems; and preferably possessing some form of 
selective characteristic such as pigmentation. In short they were 
chosen for ease and safety in handling without interactions with 
groundwater systems.
A few wild strains of faecal streptococci (isolated from the 
University of Surrey lake and pond) were also used to isolate 
bacteriophage. Although these bacteria are potentially pathogenic,
it was thought that the 
likelihood of their making suitable bacteriophage hosts would 
outweigh this possible demerit.
Raw sewage was collected from Guildford Sewage Treatment Works. A 
5 percent concentration of chloroform was added to the samples, 
and shaken. The slurry was then centrifuged at 7500 g for 15 
minutes at room temperature to reduce solids.~The supernatant was 
diluted ten fold in PBS, to 10"3 . A 0.1ml aliquot was then added 
to 1ml of each chosen bacterial species and assayed as in the 
Soft Agar Overlay technique. The agar plate used for each 
bacterium depended on its nutritional requirements. Bacteria were 
incubated at their optimum temperature. When the bacteria had 
grown to produce lawns, the plates were inspected for plaque 
forming units.
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* Produced pfu.
All isolates were grown on Nutrient Agar (Oxoid) unless otherwise 
indicated.
BACTERIUM University of Surrey Temperature of Medium
Culture Collection No. Incubation °C 
(USCC)
Table 27. Bacteriophage Isolates from Sewage.
Acinetobacter anitratum 1608 * 18,25,30,37
Bacillus cereus 10 18,25,30
Bacillus subtil is 1414 18,25
Bacillus coagulans 2116 18,25,30
Bacillus firmis 1493 18,30
Erwinia carotovora 1810 * 18,25,30,37
Hafnia species 1800 18
Klebsiella aerogenes 647 18,25
Lactobacillus viridescens 2120 18
Micrococcus cryophilus 1389 18
Micrococcus luteus 1541 18,25
Micrococcus roseus 1530 18,30
Micrococcus varians 1385 18,25
Pseudomonas cepacia 2039 18,25
Chromobacter lividum 93 18,25,30
(MRS)
(MRS) 
(1/4 NA)
WILD STRAINS;
Streptococcus species 1 to 18, isolated from University of 
Surrey lake and Manor Farm pond, on Enterococcus medium (Oxoid) 
at 37°C. Two isolates produced plaque forming units.
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After isolating the phage from sewage it was necessary to 
determine its infectivity and its potential to become lysogenic.
Virus was isolated from one plaque forming unit by picking off 
with a flamed straight wire. The inoculum was inserted into an 
agar plate with a freshly poured lawn of bacteria and soft agar 
overlay. Up to 10 of these inoculations were performed on the same 
plate. Plates were then incubated at optimum temperature for 
bacterial growth. Infective phage produced an area of lysis 
wherever the lawn was inoculated.
1.3. Plague Purification.
It is possible that in some circumstances an original plaque may 
have resulted from a mixed phage culture. In order to obtain only 
one phage species and its progeny from the plaque the following 
procedure was adopted:
The area of lysis was stabbed with a sterile straight wire. The 
wire was inoculated into a fairly young, liquid culture of the 
bacterial host. This was incubated overnight or for 36 hours at 
optimum temperature. Chloroform to 5 percent concentration was 
added and then shaken. This was diluted and used as inoculum for 
another soft agar overlay plate. This was repeated 2 to 6 times 
to ensure that only a single clone and its progeny were present.
1.4. Results.
Four of the bacteria examined hosted bacteriophage isolated from 
sewage; Erwinia carotovora (USCC 1810), Acinetobacter anitratum 
(USCC 1608) and two Streptococcus species; isolate SI and isolate
S4. The bacteriophage isolated produced easily distinguishable, 
infective areas of lysis.
1 - 2 . Bacteriophage Infectivity.
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APPENDIX 2: TRANSMISSION ELECTRON MICROSCOPE RESULTS.
Plate 1. Serratia marcescens bacteriophage.
This phage has an icosahedral head, 50nm in diameter, a very 
short tail and belongs to morphology group III (Tikhonenko 1970).
Plate 2. K12 E .coli bacteriophage
This phage possesses an icosahedral head, 50nm in diameter, with 
a long thin non-contracti le tail of 150nm. Morphology group IV.
Plate 3. Enterobacter cloacae bacteriophage.
This phage consists of an elongated icosahedral head, lOOnm in 
length,70nm in diameter, possessing a 85nmm tail, with a 
contractile sheath and belongs to morphology group V.
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This phage consists of an icosahedral head, 75nm in diameter, 
with a short tail of 30nm and belongs to morphology group III.
Plate 4. Erwinia carotovora bacteriophage.
Plate 5. Bacillus 1icheniformis bacteriophage.
This phage has an octahedral head (8 sides), 70nm in diameter, 
with a long contractile tail of 150nm and belongs to morphology 
group V .
APPENDIX 3; MEDIA AND STOCK SOLUTIONS.
Autoclaving ; 121°C (15 lbs)/ 15-20 minutes.
SOFT AGAR OVERLAY (SAO)
11.2g Nutrient Broth (Oxoid)
5.5g Purified Agar (Oxoid)
7g Sodium Chloride (M+B Pronalys AR)
Make up to 1000ml in distilled water and autoclave.
Before use melt and keep at 44°C.
RICH NUTRIENT MEDIUM (RNM)
20g Brain Heart Infusion (Oxoid)
20g Casein Hydrolysate, acid (Oxoid)
5g KKa PO^
lg Magnesium Sulphate, MgS0<*.7H»0 (BDH)
lg Yeast Extract (Difco)
20mls Glycerol (Analar)
Adjust pH to 7.2.
Make up to 1000ml with distilled water and autoclave.
GROWTH MEDIUM
10ml Eagles Minimum Essential Medium x 10, modified (Flow
Lab) .
lml Non-essential Amino Acids x 100 (Flow Lab).
2ml Sodium Bicarbonate, 7.5 percent solution (Flow Lab).
1ml L- Glutamine (200mM solution) .
lml Penicillin (1000 units/ml),
lml Streptomycin (lOug/ml).
5ml Foetal Calf Serum
Make up to 100ml with sterile, distilled, deionised water.
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MAINTENANCE MEDIUM
Identical to Growth Medium apart from the quantity of Foetal Calf 
Serum. Maitenance Medium only contains 2ml of the serum.
PHOSPHATE BUFFERED SALINE
One tablet of PBS (Dulbecco's Formula, modified, with magnesium 
and calcium Flow Lab.) in 100ml of distilled, deionised water 
and autoclaved.
TRYPSIN AND VERSENE SOLUTION
A final solution of 0.025 percent Trypsin (Flow Lab) and 0.02 
percent EDTA (Ethylenediaminetetra-acetic acid, Analar BDH) in 
PBS.
MOLTEN AGAR MEDIUM (SIMIAN ROTAVIRUS PLAQUE TEST)
20ml Eagles Minimum Essential Medium x 10, modified (Flow
Lab) .
2ml Non-essential Amino Acids x 100 (Flow Lab).
2ml L- Glutamine (200mM solution).
2mi Penicillin
2ml Streptomycin
4ml Sodium Bicarbonate, 7.5 percent solution (Flow Lab).
0.006ml Neutral Red (filter sterilised).
Make up to 100ml in sterile, distilled, deionised water and warm 
to 44°C. Then add 100ml of autoclaved, molten 2.4 percent 
Purified Agar (Oxoid), also kept at 44°C. To this add 200ul of a 
1 percent solution of Porcine Pancreatin (to give 20ug/ml) and 
lml of a 1 percent solution of DEAE- Dextran (lOOug/ml). Shake 
gently and use immediatly.(Diethylaminoethy1-Dextran (Sigma) and 
Porcine Pancreatin (Sigma) are both filter sterilised before 
use) .
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APPENDIX 4: SURVIVAL CHAMBER CHARACTERISTICS.
4.1. SOLUTE TRANSFER EXPERIMENT. METHOD.
The compounds included in this investigation were: KC1, NaCI, 
MgSCU, CaCQiai, phenol red and methylene blue.
The salts were analysed using a conductivity meter, measuring the 
electrical conductivity of the solution in ^ S or mS (micro and 
milli Siemens) at 25°C. Phenol Red concentration was estimated 
using a Foxall colorimeter and the Methylene Blue was measured 
using a spectrophotometer at a wavelength of 660nm.
In four of the six experiments, survival chambers were assembled 
with either the nylon6,6 membrane or dialysis tubing (medicell 
23/4) enclosing the chamber. This gave a surface area of 54.68cm2- 
(membrane alone). In two of the experiments (potassium chloride 
and sodium chloride) comparison of solute transfer was performed 
using survival chambers and nyloni'6 and 11 cm length pieces of 
visking tubing. The surface area of active dialysis tubing in 
this case was 63.76cm2- and the volume held within the tubing was 
30ml (compared with 50ml in the survival chambers). In order to 
compare the results directly the permeability results were 
expressed per cm3 of active membrane per volume.
The procedure was the same for all experiments. The survival 
chambers and dialysis tubing were immersed in 1 litre of 
distilled, deionised water in 2 litre containers. A solution of 
each compound was inserted into the chambers (Table 28). The 
external water was analysed at regular intervals to detect any 
change in conductivity or colour.
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Table 28. Inoculum for Solute Transfer Experiment
Compound Concentration Samp 1ing 
Period (Hrs)
Number of 
Samples
KC1 lg/1itre 
(0.0134 M)
66 17
NaCl lg/1itre 
(0.017 M)
66 17
MgSCW lg/litre 
(0.008 M)
29 17
CaCCb lg/1itre 
(0.01 M)
28 17
Methylene Blue 5.75 x 10"3g/litre 90 
(1.25 x 10-"3 M)
21
Phenol Red 0.025g/litre 
(7.8 x 10"3 M)
118 15
175
4,2. MEMBRANE ADSORPTION EXPERIMENT. METHOD.
To investigate the possibility that Nylon66 membranes have the 
potential for adsorbing the phage the following experiment was 
performed.
Three survival chambers were set up containing a mixture of 
bacteriophage and poliovirus (Table 29). They were left in one 
litre of sterile water. One was removed after 2 hours, the second 
after 12 hours and the third after 24 hours. When the chambers 
were removed, the internal contents withdrawn via a syringe and 
then 20ml of sterile water was added to wash. This was left for 
30 seconds and then this too was removed. 50ml of 3 percent Beef 
Extract was added to each chamber and again left for 2, 12 or 24 
hours, depending on the amount of time they had been standing 
with the phage suspension. The Beef Extract was removed and 
assayed for phage. The amount of virus eluted from the membrane 
with the Beef Extract was expressed as a percentage of the 
original inoculum.
Table 29. Inoculum for Membrane adsorption Experiment.
Bacteriophage of;
Serratia marcescens 
K12 coliphage 
Enter'obacter cloacae 
Erwinia carotovora 
Bacillus 1icheniformis
Poliovirus 1LSC
Inoculum
5 x 1CP Pfu per 50ml 
2 x 10E3 pfu per 50 ml
1 x 10* pfu per* 50 ml
2 x 10*’ pfu per 50 ml
3 x IO*1- pfu per 50 ml
I so  3  x 1 0 SB per 5 0  ml
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Adsorption of Poliovirus and Serratia marcescens bacteriophage 
with Time. Method.
100 grams of sterile, ground chalk was placed in a 250ml shake 
flask. Sterile chalk groundwater of known pH (7.8) was seeded to 
give;
10s pfu per ml of S marcescens bacteriophage,
2 x 103 TCID-so per ml of Poliovirus 1.
The water was added to the chalk up to the 250ml line on the 
flask (200ml) and then shaken on an orbital shaker, at full 
speed. lOOg of chalk plus 200ml of water gave the same ratio as 
used in the batch experiments. A 10ml sample was removed from the 
supernatant at regular intervals over a period of 300 or 500 
minutes and placed into a sterile universal and stored at 4°C 
until assayed. Before assaying could commence it was necessary to 
leave the sample in the universals for several minutes to allow 
the chalk to separate out.
The amount of virus adsorbed was calculated as the difference 
between the amount recovered from the control (ground water plus 
inoculum in shake flask minus chalk) and the amount found in the 
experiment.
APPENDIX 5: ADSORPTION STUDY.
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